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Abstract
Bioenergy has become an important alternative source of energy to alleviate the reliance on
petroleum energy. Bioenergy offers diminishing climate change by reducing Green House Gas
Emissions, as well as providing energy security and enhancing rural development. The Energy
Independence and Security Act mandate the use of 21 billion gallons of advanced biofuels including 16
billion gallons of cellulosic biofuels by the year 2022. It is clear that Biomass can make a substantial
contribution to supply future energy demand in a sustainable way. However, the supply of sustainable
energy is one of the main challenges that mankind will face over the coming decades. For instance,
many logistical challenges will be faced in order to provide an efficient and reliable supply of quality
feedstock to biorefineries. 700 million tons of biomass will be required to be sustainably delivered to
biorefineries annually to meet the projected use of biofuels by the year of 2022.
Approaching this complex logistic problem as a multi-commodity network flow structure, the
present work proposes the use of a genetic algorithm as a single objective optimization problem that
considers the maximization of profit and the present work also proposes the use of a Multiple Objective
Evolutionary Algorithm to simultaneously maximize profit while minimizing global warming potential.
Most transportation optimization problems available in the literature have mostly considered the
maximization of profit or the minimization of total travel time as potential objectives to be optimized.
However, on this research work, we take a more conscious and sustainable approach for this logistic
problem. Planners are increasingly expected to adopt a multi-disciplinary approach, especially due to the
rising importance of environmental stewardship. The role of a transportation planner and designer is
shifting from simple economic analysis to promoting sustainability through the integration of
environmental objectives. To respond to these new challenges, the Modified Multiple Objective
Evolutionary Algorithm for the design optimization of a biomass to bio-refinery logistic system that
considers the simultaneous maximization of the total profit and the minimization of three environmental
impacts is presented.
Sustainability balances economic, social and environmental goals and objectives. There exist
several works in the literature that have considered economic and environmental objectives for the
presented supply chain problem. However, there is a lack of research performed in the social aspect of a
sustainable logistics system. This work proposes a methodology to integrate social aspect assessment,
based on employment creation. Finally, most of the assessment methodologies considered in the
v

literature only contemplate deterministic values, when in realistic situations uncertainties in the supply
chain are present. In this work, Value-at-Risk, an advanced risk measure commonly used in portfolio
optimization is included to consider the uncertainties in biofuel prices, among the others.
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Chapter 1: Introduction
In our days, the consequences of unsustainable systems and energy production expose
communities to social, economic, and environmental problems. Some of these consequences are
the impoverishment and desertification of land, global warming, social poverty and economic
crisis. The recognition of an impending global environmental disaster motivated the World
Commission on Environment and Development to create a commission to study the World‟s
resources, also known as the Brundtland Commission. The delegation considered the need for
sustainable development, defined as “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” (WCED, 1987).

Dependency in fossil fuels for transportation and electricity production must diminish in
order to progress to sustainable living. Renewable and clean sources are key in the solution
problems related to climate, socio-economic problems (Union of Concerned Scientists, 2012).
Some examples are the current increase in oil price and global warming phenomena. The Energy
Independence and Security Act of 2007 requires that by the year 2022, 36 billion gallons of
renewable fuels will be used per year. Of these total gallons of renewable fuels, 15 billion
gallons are derived from corn ethanol, and 21 billion gallons are derived from advanced biofuels
(of which 16 billion gallons are from cellulosic biofuels) (U.S. Government Office, 2007). The
Union of Concerned Scientists (UCS) stated that enough biomass can be made sustainably
available, by the year 2030, to produce more than 54 billion gallons of ethanol. This will surpass
the production of corn ethanol of 2010. This quantity represented 732 billion kilowatt-hours of
electricity, resulting in 19 percent of the total electricity consumption in the United States
(Caputo, et al., 2005). To reach these requirements, significant economic and logistical
challenges must overcome. These challenges must be confronted by planners and entrepreneurs
in terms of feedstock supply assurance, supply chain development, bio refinery establishment,
transportation, storage, and distribution infrastructure (Subbu & Satish, 2012). The analysis of
1

the biomass production must reflect a supply of feedstock that is of appropriate quality and
adequate quantity, at reasonable cost, and of low environmental impact. The Department of
Energy presented bioenergy as a potential alternative source of energy to alleviate the demand of
energy from renewable sources. Several innovations have been presented in conversion and
subtraction methodologies of new biomass generations. Biomass is currently undergoing diverse
physical and chemical transformations that will provide an increase on its effectiveness to
provide energy. For example, biotech hybrids of corn now account for 40 percent of the total
planted acreage. Recently, few pilot biorefineries are currently open as the American Process,
Inc, and these sold its first shipment of cellulosic ethanol which included a Renewable
Identification Number (RIN). The RIN ensures that the fuel meets the Renewable Fuel Standard
(RFS) requirements. The annual capacity of these pilot biorefineries is about 894,000 gallons of
cellulosic ethanol and 696,000 gallons of aqueous potassium acetate, using forest residue
woodchips as a feedstock. Examples of the current challenges in research and development of
optimizing biomass production are: development new production techniques, software, and
methodologies that can solve logistical challenges in the near future. In actually, facilities,
warehouses and refineries are required to have the availability to use multiple sources for the
production of fuel, as well as different types of biomass feedstocks, due to the seasonality of
harvest of the primary source. Overall, this will potentially increase the profitability of the
system. Previously, systems were designed to produce biofuel by use of only one type of
biomass. Presently, systems are being developed to harvest and virtually supply all potential
types of biomass feedstocks needed to support the country’s cellulosic biofuels industry, which
includes agricultural and forest residues, as well as energy crops (Feedstock Logistics
Interagency Working Group, 2010).

Supply chain optimization of biomass logistics requires comprehensive simulation
models to optimize both economic and environmental sustainability. According to the Feedstock
Logistic Interagency group, specific barriers the creation of simulation models for optimizing
2

biomass logistics supply chain include the lack of data, scalability, and understanding of existing
transportation infrastructure and regulation limitations. The proper design and management of
supply chain contribute to the reduction of cost in supplying biomass to a biorefinery, thus
reducing the cost of producing biofuels. Decision variables that need to be taken into
consideration when designing the supply chain of a biorefinery are as follows: the operational
characteristics of biorefineries needed to make best use of the biomass available in the region,
the number and location of biomass collection facilities, harvesting sites, collection facilities, and
blending facilities. These are long term decisions are made approximately every 5 to 10 years.
On the other hand, the management of the logistic considers mid-term to short-term decisions
such as: the amount of biomass collected in a time frame, the amount of biomass shipped to a
warehouse from the harvesting site, the amount of biomass shipped to a biorefinery, the amount
of biomass processed, and the amount of inventory of biomass in a facility (Ekşioğlu, et al.,
2009). The coordination of both stages of design and management of the supply chain can lead to
a better improvement of this process. This also increases the efficiency of biofuels as an energy
source and its compliance to the EISA mandate.

The Department of Energy (DOE) and United States Department of Agriculture (USDA)
demonstrated that biomass can replace petroleum consumption by 30%, this is equivalent to one
billion tons of biomass. Biomass is the only renewable source that can be converting in a liquid
fuel, and is considered to have a high potential to provide heat and power to industries as well as
to create bio products. Biomass is expressed as biological material based on plant and it is also
called lignocellulosic biomass. Due to its potential for rapid growth and capability to be
produced from diverse resources, bioenergy is recognized as a potential alternative source of
energy that will alleviate the current reliance on petroleum energy. Biomass undergoes diverse
physical and chemical transformations. While it is regenerated, it emits energy in the form of
heat to the atmosphere. The emissions emitted during the conversion process are balanced
during the growth of plants in the photosynthesis process.
3

During photosynthesis, carbon

dioxide is captured from the atmosphere and converted into sugars that are then stored in
molecules such as cellulose. Lignocellulosic biomass is the largest potential feedstock for
ethanol production, and it is considered as a potential renewable energy option due to nearly
zero-carbon emissions over its life cycle. Lignocellulosic biomass is the non-digestible portion
of the plant, which means that this type of feedstock does not interfere with food security (Naik,
et. al., 2010). An advantage to this type of feedstock is its faster production at lower cost.
However, availability and low conversion efficiency constitute to the major challenges when it
comes to developing large-scale biomass facilities for the production of these fuels (Caputo et
al., 2005). Bioenergy positively impacts climate-change issues by reducing GHG, as well as
providing energy security and enhancing rural development. Biomass is the largest domestic
source of renewable energy with a supply of three percentage of the total energy consumption in
the United States (Perlack, et al., 2005).

Land devoted to biomass production should be limited in order to maintain an
equilibrium in the ecosystem. Otherwise, exceeding the limits of sustainable biomass utilization
will trade our current fossil fuel issues for problems in our food system and ecosystem. In the
United States, grain ethanol production has been changed for the cellulosic ethanol production
due to the problems presented by it and its effects on food supply and forage crop (Bartuska,
2006). In the past, primary sources for the production of biofuels were corn, sugar, and vegetable
oil, but this alternative solution created more problems than the ones it solved, such as an
increase in food prices. Nowadays, biofuels are undergoing a transition to new sources that do
not threaten food production, such as cellulosic biofuel that is made from waste materials or
environmentally friendly perennial grasses. Examples of sources that have the greater potential
to supply large sustainable quantities of biomass are those derived from forest and agriculture,
such as: crop residues, perennially grown grasses, and woody crops. Most of the biofuel and
ethanol produced nowadays are derived from grains and oilseeds. Lignocellulosic biomass have
the advantage of being produced faster at a lower cost. While corn ethanol production has
4

increased rapidly enough to keep up with the demand, at the same time production of cellulosic
and advanced biofuels have been at par, despite significant government support of cellulosic and
advanced biofuels.

In the literature, most researchers have focused their studies in the optimization of the
economic aspect of the biomass logistic problem and the use of methodologies involved in it.
The real challenge is to develop a sustainable source, which in turn, means biomass has to be
sustainable in social, economic, and environmental aspects. From the literature, the biomass-tobiofuel logistic problem considering multiple types of feedstock was identified. One of the
contributions of this research is the implementation of evolutionary algorithms to address this
complex logistical problem, demonstrating with the results the potential of these. The focus in
only optimizing profit leaves a gap in the evaluation of the other main aspects of a sustainable
system. Recently, research assessing the carbon dioxide emissions has been presented.
Nevertheless, pollutants are affecting the ecosystem and causing harms, and they can be
categorized by its impact to the environment. GaBi® software was used in order to obtain the
environmental impacts significant to this problem. With these impact categories, the problem is
converted into an assessment of environmental and economic objectives. On other hand, the
flexibility of the system to process several types of feedstock notoriously increases profit. One of
the main problems that biomass faced to be considered as a renewable source, was the increase
of food price due to the use of agricultural fields and/or agricultural feedstock. As a result, the
second generation of biomass comprehends agricultural residues and perennial grasses that
alleviate this problem, and the numerical example considers three types of feedstock: two
agricultural residues (corn stalk and wheat straw) and one perennial grass(switchgrass). The
attractiveness of this model resides in the versatility of use and purchase of agricultural residues
during non-harvesting months, since primary perennial grass can be replaced by agricultural
residues in the production of biofuels.

5

The research work is divided into three case scenarios. First case scenario is focused on
the maximization of the total annual profit of the biomass-to-biorefinery logistic system. Solving
it with the Genetic Algorithm is the uniqueness of this research because, according to literature,
its performance in complex problems is very promising. Second case scenario integrates the
environmental aspect, assessing the Global Warming potential impact category. This results into
a multiple objective problem, with the objectives of maximizing profit ($) and minimizing the
global warming potential (CO2 kg-equiv.). In order to solve this problem, a Multiple Objective
Evolutionary Algorithm is developed and implemented, utilizing the emissions results obtained
from the GaBi® software. The third case scenario evaluates more impact categories significant
to this biofuel logistic problem. The environmental impact categories significant to it are the
following: global warming potential, acidification and eutrophication. The objectives of this case
are the maximization of the total annual profit, minimization of global warming, acidification
and eutrophication potentials. The modified MOEA developed is unique in this research area. As
previously mentioned, three main aspects of sustainability (economic, environmental and social)
have to be assessed in order to evaluate biomass as a sustainable source for the production of
biofuel. Therefore, an assessing methodology was developed to assess the social aspect that was
missing, and it will be presented in the future research part.

This research work is based on the development and implementation of algorithms to
address logistics system design problem of multi-commodity network flow structure, in order to
make more attractive the use of biofuel produced by biomass. Introducing the use of
evolutionary algorithms to solve these type of problems is an approach that has never been used
before. The objective is to optimize this sustainable source and, if sustainable, it has to be
analyzed considering

the three main aspects of sustainability in terms of the economic,

environmental and social factors. This thesis is divided into eight chapters. It starts with the
definition of sustainability and explains in detail each of its main pillars in Chapter 2. Then in
Chapter 3, biomass as a sustainable bioenergy source is presented with its generations,
6

conversion methods, byproducts, etc. The logistic of biomass had been studied in several post
researches studies and these works are presented in Chapter 4. Algorithms implemented and
developed according to each scenario of the present research work are explained in Chapter 5. In
order to evaluate the performance of the algorithms, a numerical example was taken from an
extensive literature revision, and as result of that literary research, a mathematical model was
developed and explained in Chapter 6. The algorithms were developed and code in Matlab and
results obtained were promising, and they are presented in Chapter 7. Finally, conclusions on the
research developed and future research to extend this work is presented in Chapter 8.

7

Chapter 2: Sustainability definition
Nowadays, people are facing social, economic and environmental problems as
consequence of unsustainable production systems. Sustainability can be represented as the
interception of three spheres: economic, social and environmental. Each one of these has
different and contrasting objectives. Figure 1 shows the interaction of these three in a Venn
diagram, the simple interaction of two parts cannot be considered as a sustainable development.
To reach it, equilibrium of the three is required. Our research work has focused on these areas;
economic, environmental, and social. Social sustainability is one of the unique characteristics of
this research work. As it can be seen in literature, environmental and economic sustainability
have been strongly investigated and techniques to evaluate them have been developed, but in the
recent years, social sustainability has acquired attention as a result of the problems presented in
society.

Figure 2.1. Venn diagram of sustainable development at the three parts. (Adams, 2006)

As result of an impending global environmental disaster, The World Commission on
Environment and Development created the Brundtland Commission to study the world‟s
resources. The delegation concluded an imperative necessity of having sustainable development,
which is defined as “development that meets the needs of the present without compromising the
ability of future generations to meet their own needs” (WCED, 1987). Sustainability is based in
our survival and well-being needs that depend directly or indirectly to our environment,
economics, and society. As a result, sustainability creates the conditions for productive harmony
that permit fulfilling the social, economic and environmental requirements of present and future
8

generations (EPA). A product‟s sustainability degree is based on its life cycle assessment and
consists of the environmental impact evaluation of the product‟s stages: material subtraction,
production, manufacturing, distribution, transportation, use and waste (known as the cradle to
grave boundaries).

The social part impact categories are: poverty, education, population, security, equity and
health.

Environmental impact categories are: climate change, acidification, eutrophication,

human toxicity and ecotoxicity. The economic impact categories are: production, resourcing,
exchange, transfer, consumption, etc. Each aspect presented has a different meaning of
sustainability. In the social aspect, sustainability is the potential for long-term maintenance of
wellbeing, which has ecological, economic, political and cultural dimensions.

In the

environmental point of view, sustainability involves resources needs where social and financial
aspects are integrated. In conclusion, sustainability represents living without affecting the
environment and society.

Sustainable business practices integrate environmental, social, and economic concerns to
success (Kinslkey & Lovins, 1997, Callenbach, 2011). Several organizations have been created
to promote sustainability, such as the Sustainability Consortium of the Society for Organizational
Learning, the Sustainable Business Institute, and the World Council for Sustainable
Development (Zhexembayeva, 2007). A sustainable business practice resulted in job creation
through green-collar workers (Hickman, 2009). A resulting concept called "embedded
sustainability" is defined by its authors Chris Laszlo and Nadya Zhexembayeva as "incorporation
of environmental, health, and social value into the core business with no trade-off in price or
quality – in other words, with no social or green premium."(Laszlo & Zhexembayeva, 2001a).
As described by Laszlo & Zhexembayeva, the opportunities for business value creation are: “a)
better risk-management, b) increased efficiency through reduced waste and resource use, c)
better product differentiation, d) new market entrances, e) enhanced brand and reputation, f)
9

greater opportunity to influence industry standards, and g) greater opportunity for radical
innovation "(Laszlo & Zhexembayeva, 2001b).

2.1Economic aspect
The economic part of sustainability can be defined as "concerns the specification of a set
of actions to be taken by present persons that will not diminish the prospects of future persons to
enjoy levels of consumption, wealth, utility, or welfare comparable to those enjoyed by present
persons” (Bromley, 2008). It has to consider the use of environmental sources to create the
goods and service require by the society, for the wellbeing of their lives. As presented in the
Venn diagram, social and ecological consequences are derived from the economic activity (Daly
& Cobb, 1989). These needs are specified by each country, which develop an argument of the
real necessities that these countries present. To reach it, a macro economy model has to plan its
goals and actions to the long term and solve the root problems. If these are not approached,
problems will develop, despite the economic growth that occurs. In it are involved the welfare,
resources, or profit margins (Hasna, 2009).

Economic sustainability is commonly evaluated with the average per capita consumption.
The challenge for sustainability is to curb and manage consumption while raising the standard of
living of the developing world, without increasing its resource use and environmental impact.
This must be done by using strategies and technology that disrupts the relation between
economic growth and environmental damage, as well as resource depletion (Ruffing, 2007). A
research analysis discovered that a green development also results in a higher rate of GDP
growth, poverty areas are the most affected by diseases resulting from environmental pollution,
therefore, a healthy environment eradicates poverty and creates jobs (UNEP, 2011). If we have
economic growth that depletes the ecosystem, it is expressed as an “uneconomic growth”
because it declines the quality of life of the population (Daly, 1999, 2007). When environmental
10

pollution is minimized, it impacts as a positive catalyst for the local economy, because the
reduction of pollutants in the environment diminishes pollution-related pathologies,
environmental penalties, and disposal costs. In addition, the use of renewable energies for
electricity production increase profit.

2.2 Environmental aspect
The importance of environmental sustainability is a product of the lack of consideration
of environmental consequences, due to a focus on economic profits. These consequences were
increasing and, at present, environmental factors have taken great importance in relation to
sustainability, considering the effects that some activity may present. Therefore, healthy
ecosystems can provide goods and services, but these two ways have proposed a reduction on the
impact of human activities and enhancing ecosystem services. These services are environmental
management and management of human consumption of resources. The first is based on
information from earth science, environmental science, and conservation biology, which are
initiated by human consumption. Management of human consumption is based on economic
information. Herman Daly suggested three broad criteria for ecological sustainability: renewable
resources should provide a sustainable yield; for non-renewable resources there should be
equivalent development of renewable substitutes; waste generation should not exceed the
assimilative capacity of the environment (Daly, 1990). Environmental management includes all
natural resources: water, land, and atmosphere (NOOA, 2009) (Buchenrieder & Goltenboth,
2003).

In 2010, The International Resource Panel, published an assessment of the impacts of
consumption and production (UNEP, 2010). The production activities that most affect the
ambient are fossil-fuel combusting processes, agriculture and fisheries. It was explained in the
panel that the most critical impacts are related to ecosystem health, human health and resource
depletion. In the life-cycle impacts of consumption the activities more accountable are: mobility,
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shelter, food and energy-using products. Consumption can be managed and sustainable if all its
life cycle is analyzed from subtraction, production, consumption, and waste, called life cycle
analysis section 2.2.1. In it, key are the following: environmental impacts that affect the air,
water, land, materials, food, health, etc., presented in detail in section 2.2.1.

In order to evaluate the atmospheric impact all aspects of the carbon cycle needs to be
accessed. Management of the global atmosphere now involves assessment of all aspects of the
carbon cycle because of the potential catastrophic effects on biodiversity and human
communities. Some of the significant harmful chemicals included are: nitrogen oxides, sulfur
oxides, volatile organic compounds and airborne particulate matter and the chlorofluorocarbons.
Anthropogenic particulates in the atmosphere reduce the direct irradiance and reflectance
(albedo) of the Earth's surface. It creates a cooling effect and this may have partly latent the
effect of greenhouse gases on global warming (Hegerl, 2007).

Water and food security are vital for human survival, thus water consumption has been
affected. From 1961 to 2001 water demand doubled, as a result of increases in agricultural use
by 75%, industrial use by more than 200%, and domestic use more than 400% (Board, 2005). In
the 1990s it was estimated that humans were using 40–50% of the globally available freshwater
in the approximate proportion of 70% for agriculture, 22% for industry, and 8% for domestic
purposes with total use progressively increasing (Shiklamov, 1998). Water scarcity is a serious
problem is assessed in every environmental impact analysis. Only 2.5% of the water contained
worldwide is freshwater and most of it is contained in the Antarctic ice sheet. Technological
development and urbanization pollute it, reducing its availability. In addition, ocean circulation
patterns have a strong influence on climate and as consequence of this climate change food
supply is being affected. Without mentioning natural disasters, changes on water cycle of rivers
and lakes affects water quality.
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Forest and grassland has been taken to satisfy the food and production demands. Forest
are cut to obtain farm land and wood.

Without a correct management of this resource,

impoverishment of land and loss of the ability of carbon sequestration reappears.

This altered the water cycle of rivers and lakes, affected their water quality, and had a
significant impact on the global water cycle (Shiklamov, 1998). Currently towards 35% of
human water use is unsustainable, drawing on diminishing aquifers and reducing the flows of
major rivers: this percentage is likely to increase if climate change impacts become more severe,
populations increase, aquifers become progressively depleted and supplies become polluted and
unsanitary (Clarke & King 2006) .

Water efficiency is being improved on a global scale by increased management on
demand, improved infrastructure, improved water productivity of agriculture, minimizing the
water intensity (embodied water) of goods and services, addressing shortages in the nonindustrialized world, concentrating food production in areas of high productivity, and planning
for climate change, such as through flexible system design. A promising direction towards
sustainable development is to formulate systems that are malleable and reversible (Fawcett,
2012, Zhang & Babovic, 2012). At the local level, people are becoming more self-sufficient by
harvesting rainwater and reducing use of and being more responsible on the use and waste of
water (Hoekstra, 2006) (Hoekstra, 2007).

Food is vital for continuous human living and it has been affected by consumption and
manufacturing, including agriculture and livestock. Food has to have a sustainable system to
provide resources to current population and future generations, with minimal negative impacts to
the environment. Food has to be available, accessible, and affordable for all, and biomass
presented a problem with the use of first generation feedstock for the production of energy.
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2.2.1 Environmental Impact categories
As mentioned previously, sustainability considered three aspects that are social,
economic and environmental. In the environmental phase, a technique called Life Cycle
Assessment (LCA) is implemented to evaluate the environmental impact categories. LCA is a
technique that helps to analyze inputs and outputs of all stages of a product. The assessment
joints an inventory of the material and energy inputs and environmental releases around the cycle
of the product. Results can be obtained as potential impacts, which help to visualize the outcome
and actions to be taken to reduce it. System boundaries are the limits of the LCA analysis; a
complete LCA coverts from raw material extraction to disposal or recycling, given the name of
cradle-to-gate. Product phases are: raw material extraction, material processing, manufacture,
distribution, use, repair and maintenance and disposal or recycling (including transportation
required between phases). LCA is not constrained to analyze all phases (cradle to gate), system
boundaries can be changed according to the LCA goals. Some of the different LCA system
boundaries are illustrated above.

Figure 2.2. System Boundaries in an LCA study.
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Life Cycle Assessment is carried out in four distinct phases: goal and scope definition,
inventory analysis, impact assessment and interpretation, all phase are related each other in the
order show below.

Figure 2.3. LCA phases.

The goal and scope phase is required to determine and include the following technical
details:
*the functional unit
*the system boundaries
*assumptions and limitations
*the impact categories.
The Second Phase is the life cycle inventory, collection of inputs (water, energy, raw
materials) and outputs (releases to air, land and water). In it, first, a flow diagram of the phases
involve is constructed to include all parts in the system boundaries (suppliers, transportation,
etc.) and checked that inputs of each activity are considered. Then, the data of inputs and outputs
are collected; it can be generic, brand specific level, or from data sources. At the industry level,
data is collected with questionnaires applied to a representative sample of producers. When data
is difficult to collect, national databases, and general data bases are usual sources of information.
Data has to be converted to the functional unit for an accurate assessment.
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In life cycle impact assessment, the different impacts categories are evaluated according
to the categories choose in the goal and scope phase. The steps that follow it are:
a) Selection of impact categories, category indicator and characterization models,
b) Definition of inventory parameters and classification to the corresponding impact
categories,
c) Impact measurement
d) Normalization; comparison of impact categories‟ results with the reference region
impacts,
e) Grouping; sort and rank the impact categories
f) Weighting; impacts are weight to obtain the total environmental impact.

Finally, a stage that is related to each step is interpretation of data, processing, and
results. The inventory analysis and impact assessment are to identify, quantify, check, and
evaluate according to the goal and scope of the analysis. Basically, the outcomes are conclusions
and recommendations. This is accomplished by identifying the data elements that contribute
significantly to each impact category, evaluating the sensitivity of these significant data
elements, assessing the completeness and consistency of the study, and drawing conclusions and
recommendations based on a clear understanding of how the LCA was conducted and the results
were developed.

As mentioned before, impact categories have to be established at the beginning of the
LCA, because it depends on the purpose of it. The specific impact categories are considered to be
global, regional and local, and they are classified according to the table below.
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Table 2.1. Impact categories.
Impact categories

Global

Regional

Local

Global Warming

*

Stratospheric Ozone Depletion

*

Photochemical Oxidant Formation

*

*

Acidification

*

*

Nutrient Enrichment

*

*
*

Effect of waste heat water
Ecotoxicity

*

*

Human toxicity

*

*

Working environmental

*

Odour

*

Noise

*

Radiation
*

Resource consumption

*

*

Land Use

*

Waste

*

Effects on Eco-systems

*

2.2.1.1 Global warming potential
Global warming can be explained as the effect of increasing temperature in the lower
atmosphere. Normally, temperature increases as result of sun radiation, but this heat has been
increasing and climatological consequences have been suggested. Some of these consequences
are the melting of the polar ice caps and glaciers, elevation of sea levels, and climate changes.
The process starts with the sun radiation that is reflected by the surface of the Earth, but the
recent increment of carbon dioxide, methane, nitrous oxide and chlorofluorocarbons, among
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others, produce a reflection or absorption of the IR-radiation increasing the temperature above
normal.

Figure 2.4, explain the global warming process.

Figure 2.4. Global Warming Energy Balance (Nagoya City Science Museum).

The consequences of global warming are uncertain, but in the last century emissions have
been increasing as well as change in temperature. Computer models demonstrated have an
increased intensity and frequency of storms, increased number and length of draught. These
factors have been presenting globally and, without exception, alarmed nations. Thus, generated
international arrangements, like the Montreal Protocol and the Kyoto Protocol for reducing job
of emissions contributing to global warming substances have been implemented.

The substances normally contributing to global warming are:
➤ Carbon dioxide (CO2)
➤ Methane (CH4)
➤ Nitrous oxides (N2O)
➤ CFC‟s (CFC-11, -12, -113, -114, -115)
➤ HCFC‟s (HCFC-22, -123, -124, -141b, -142b)
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➤ HFC‟s (HFC-125, -134a, -152a)
➤ Halons
➤ Tetrachloromethane (CCl4)
➤ 1,1,1-Trichloroethane (CCl3CH3)
➤ Carbon monoxide (CO) (Heijungs, et al., 1992).
These substances absorb infrared ration (sun radiation) and have an atmospheric lifetime
sufficient to contribute to global warming. Most of the methodology for LCIA analyses the
effects of GWP in a 100-year time horizon. The equation to calculate the impact score of each
chemical is:

(ISGW)i = (EFGWP x AmtGG)i
where:
ISGW: the global warming impact score for greenhouse gas chemical i (kg CO2
equivalents) per functional unit.
EFGWP: the GWP equivalency factor for greenhouse gas chemical i (CO2 equivalents,
100 year time horizon).
AmtGG: the inventory output amount of greenhouse gas chemical i released to air (kg)
per functional unit.

2.2.1.2 Acidification potential
Acidification is integrated mainly by the primary pollutants sulphur dioxide (SO2),
nitrogen dioxide and ammonia (NH3), their conversion products and ammonium persist in the air
for up to a few days and can be transported by wind over thousands of kilometers, which explain
the importance of its analysis for the environmental sustainability in the bio fuel production.
They exert both a direct and an indirect influence on organisms and materials. These changes in
the chemical composition of the soil and surface water, for example, there are many 'dead' lakes
in Scandinavia and Canada and the decline of forests in Central and Eastern Europe. Other
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2.1

contributions of the nitrogen oxide are the ozone problems like depletion of stratospheric ozone,
nitrogen fertilization of natural terrestrial ecosystems and eutrophication in water.

Anthropogenic sulphur dioxide emissions are due largely to the combustion of sulphurcontaining fuels (oil and coal) used in power stations, other stationary combustion activities and
process industries (refineries). Nitrogen oxides are emitted by combustion processes; transport,
power generation, and heating are the most important sources.

Figure 2.5: Surface water acidification (USDA).

Some effects of acidification result from indirect influences. Organisms in water are
affected when the hydrogen-ion concentration increases (pH decreases) and when toxic metals,
leached from the ground, come into circulation. Plants are affected when the chemistry and
biology of the soil become altered by an increased concentration of hydrogen ions. People are
affected through the consumption, in particular, of drinking water (surface and groundwater)
which, due to the decreased pH, may have elevated metal concentrations.

The effects of acidification depend on the combination of two factors: the magnitude of
deposition (wet and dry), and the natural, inherent sensitivity of the receiving media (soil and
water) to acidification. Acidification effects can therefore occur both in the immediate vicinity of
an emission source and at great distance from it. The earliest effects become apparent where both
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deposition and sensitivity are high. Most precipitation reaching land runs into watercourses or
percolates through the soil and becomes groundwater. In most cases precipitation comes into
contact with both the ground and vegetation, and can therefore have effects on both.

The main affected areas, due to acidification, are lakes, and this occurs in three phases.
First, it is the neutralization of runoff water, thus lowering the buffering capacity. As large
influxes of hydrogen ions can no longer be neutralized and the pH value then begins to decrease.
Finally, large pH variations will cause direct and large-scale biological damage, such as mass
death among fish and/or disruption to the reproductive capacity of fish species, until fish life has
for the most part completely disappeared.

In soil the consequences are less because of the great buffering capacity of it, but the
chemical stability of the soil system varies, and sensitivity to acidification is related to the type
of bedrock, the kind of soil, landuse and the proximity to major emission sources. At a later stage
acidification can also lead to leaching of aluminium (Al3+), which is harmful to organisms. As
the soil pH drops, there is an increase in the rate at which most trace nutrients and heavy metals
are released from the soil and absorbed by plants. This can limit crop growth.

The Acidification Potential equivalency factor is the number of hydrogen ions that can be
formed per mass unit of the pollutant being released compared to sulfur dioxide (SO2) (Heijungs
et al., 1992; Hauschild and Wenzel, 1997). The impact score is calculated by:

(ISAP)i = (EFAP x AmtAC)i

where:
ISAP: the impact score for acidification for chemical i (kg SO2 equivalents) per
functional unit,
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2.2

EFAP: the AP equivalency factor for chemical i (SO2 equivalents) ,
AmtAC: the amount of acidification chemical i released to the air (kg) per functional unit.

2.2.1.3 Eutrophication potential
Eutrophication is one of the most widespread problems of inland waters, that leads to an
enrichment of chemical nutrients, typically compounds containing nitrogen, phosphorus, or both.
One of the consequences is the enrichment of bodies of fresh water by inorganic plant nutrients.
It may occur naturally but can also be the result of human activity and is particularly evident in
slow-moving rivers and shallow lakes. Increased sediment deposition can eventually raise the
level of the lake or river bed, allowing land plants to colonize the edges, and eventually
converting the area to dry land. It originated bacterial activity from sediments under conditions
of anoxia, and their concentrations can rise to levels which adversely affect plants and animals as
they act as poisonous gases.

Some particular type of algae, which grow in highly nutrient enriched lakes and
reservoirs, release very powerful toxins in the water which are poisonous, even at very low
concentrations. Some of the toxins produce negative effects on the liver of livestock at minimal
concentrations, but they can lead to the death of cattle and other animals even to humans when
ingested in drinking water at higher concentrations.

High concentrations of nitrogen in the form of nitrate in water can also cause public
health problems. They can inhibit the ability of infants to incorporate oxygen into their blood and
so result in a condition called the blue baby syndrome or methemoglobinemia. Also, if these are
treated with chlorine can create carcinogenic compounds. For this to occur, nitrate levels must be
above 10mg per liter in drinking water. This medical condition can be life-threatening.
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Figure 2.6. Eutrophication (Pacess).

These mats can block light to submerged plants and produce large quantities of dead
organic matter that can lead to low oxygen concentrations and the emission of unpleasant gases
such as methane and hydrogen sulfide due to its decomposition or decay. Masses of these plants
can restrict access for fishing or recreational uses of lakes and reservoirs and can block irrigation
and navigation channels.

Equivalency factors for eutrophication is based on the assumption that nitrogen (N) and
phosphorus (P) are the two major nutrients in eutrophication. Therefore, the partial equivalencies
are based on the ratio of N to P in the average composition of algae compared to the reference
compound phosphate (PO43-) (Heijungs et al., 1992; Lindfors et al., 1995). The inventory
amount is calculated according:
(ISEUTR )i = (EFEP x AmtEC)i
where:
ISEUTR: the impact score for regional water quality impacts from chemical i (kg
phosphate equivalents) per functional unit
EFEP: the EP equivalency factor for chemical i (phosphate equivalents)
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2.3

AmtEC: the inventory output mass (kg) of chemical i per functional unit of
eutrophication chemical in a wastewater stream released to surface water after any
treatment.

2.3 Social Aspect
Social sustainability is defined by the business dictionary as “the ability of a community
to develop processes and structures which not only meet the needs of its current members but
also support the ability of future generations to maintain a healthy community” (Business
Dictionary). Obtaining a high social sustainability degree is important for a community, because
it looks like people have a better style of living and that their future generations also can enjoy
this style of living without compromising society. Social sustainability is attained when two
conditions are satisfied: an extended set of human needs and the normative claims of human
dignity, social justice and participation.
The heavier aspects considered in social sustainability are:
•
Human rights
•
Labour rights
•
Safety
•
Health
•
Equity
•
Education
•
Well being
•
Societal cohesion.
The benefits for a business as consequence of having good social sustainability
performance are broad in the aspect of workers‟ performance and market recognition. First, the
company gains access to investment capital. Since 2005, the Socially Responsible Investment
(SRI) has increased more than 34 percent. A good brand reputation is an important asset of a
company and it gives a market opportunity advantage over the competition. People judge the
company based on the impact of its actions and all the social responsibility actions, therefore it
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helpss the company to be seen as a positive and favorable member of the community, thus
having less opposition. Any delay in the company operations (permitting, construction, recruiting
and training employees) represents lost revenue, while favorable stakeholder views could
facilitate approval of a permit, reducing delays and minimizing costs. In addition, if the company
is viewed as a social responsibility business the community is going to prefer its product
(Friedman, 2013).

Employees are the most valuable asset in a company by the impact on the revenues; the
quality of the product, sales management, reduction of cost, etc. This is the reason because
engagement of the employee with a company is important. The employees need to feel included
as part of the company and reach a morale. If it fails, a profitability damage can occur; reduced
productivity, poor workmanship and quality control and increased absenteeism. Unhappy
employees can sabotage the company. The employees are the direct stakeholder impacted by the
product development, and they are the main viewers of the company‟s compromise with the
community and they are the best advocates and can counteract threats to the brand image
(Friedman, 2013).

Innovative companies that created products, services, or have sustainability actions
attract valuable employees and customers. Companies that want to enjoy the benefits of been
social responsibility look for suppliers that are sustainable in the three areas: social,
environmental and economical, to be protected from negative actions that their suppliers done
(Friedman, 2013).

As mentioned before, sustainability is encompassed by three spheres: environmental,
social and economic. Social sustainability is required to be in strong relation with economic and
environmental sustainability to achieve the objective of being a sustainable business. As result,
the direct relation with economic represents the money perceived by the stakeholders, and it
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must be enough to support an adequate lifestyle. The relation with the environmental aspect is
that supports an adequate lifestyle and requires environmental resources and appropriate physical
environment.

The technique to evaluate the social sustainability of a product, that is followed by the
majority of the social sustainability assessment methodologies, was presented by the United
Nations Environment Programme, in the Guidelines for Social Life Cycle Assessment of
Products, similar to the well- known Environmental Life Cycle Analysis (E-LCA) (UNEP,2009).
Social Life Cycle Assessment (S-LCA) evaluates the social aspects than can have a negative or
positive impact in the stakeholders involve during the life cycle of the product. The life cycle
analysis can include all the product‟s phases (cradle to grave): extraction and processing of raw
materials, manufacturing, distribution, use, re-use, maintenance, recycling, and ﬁnal disposal or
can be assess only few, depending on the system boundaries of the study. The disposal phase,
follow by the use phase are the most difficulties phases to evaluate, because the product can take
different paths. As a result, the cradle to gate boundaries is easier and have more accurate results
that an entire S-LCA analyze. Gate to gate is another option that can be accessed; it evaluates
the manufacturing process (company and direct suppliers) (Figure 2).

The steps to assess the social sustainability of a product or service are:
1.
Determine the system boundaries
2.
Determine the stakeholder categories
3.
Determine the impact categories to be evaluated
4.
Analyzed the subcategories derived from the impact categories
5.
Define the Inventory indicators
6.
Perform the recollection data
7.
Make the assessment
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Chapter 3: Sustainable Energy
3.1 Introduction
Since centuries ago most of the energy produced came for fossil fuels, but consequently
environmental problems have occurred, and population is facing them. The impoverishment of
land, desertification, global warming, social poverty, and economic crisis are some of the
consequences involved. This brings upon the imminent necessity of efficiency and activates that
provide for the use of sustainable energies.

Sustainable energy is the type of energy that comes from renewable sources and
technologies designed to improve energy efficiency. The provision of this form of energy serves
the needs of the present without compromising the ability of future generations to meet their
needs (REEP, 2004). These, in difference of traditional energy (fossil fuel), is cost-effective,
clean, and infinite, since it can be obtained from, virtually, endless natural sources. It represents
the dynamic harmony between the availability of providing the necessary energy, yet preserving
the earth for future generations (Tester et al. 2005). Currently renewable energy sources are:
hydroelectricity, solar energy, wind energy, wave power, geothermal energy, biomass and tidal
power. These can be divided in two groups: non-polluting or contaminating clean. The first
group is composed by: hydroelectricity (energy contained in the flow of rivers and dams), solar
energy (energy for the sun radiation), wind power (obtained by wind currents) wave and tidal
power (energy stored in seas and oceans) and geothermal (energy produced by the heat of the
Earth). The contaminating clean group is defined as such because they produce emissions in the
conversion process, but this carbon dioxide emitted can be used in a second time, or generation,
by way of organic matter. Biomass takes part of this group. The use of these sources and
technologies is economically competitive, or close to being so. Oil cost reduced in these months
was caused by an increasing in subtraction but still sustainable energy is attractive in cost,
without considering the environmental benefits obtained in contrast with contamination from the
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use of fossil. In recent years, costs of sustainable energy have fallen dramatically and continue
to fall.

3.2 Sustainable Energy from biomass production
From the renewable energy sources available, biomass is the only source that can be
converted into liquid biofuel. Biomass has been used since the earliest prehistoric age to cook
and keep warm. Since then, men have been finding different ways to use biomass as an energy
source. Biomass is biological material derived from living, or recently living organisms. The
energy from these organisms can be transformed into usable energy through direct and indirect
mechanism. Biomass can be burned to create heat (direct), converted into electricity (direct), or
processed into biofuel (indirect) (Education, Encyclopedic Entry, 2015). Power companies
converted biomass into electricity, bioethanol or biogas by different methods, and different
materials, by various processes of organic fermentation or biodiesel through transesterification
reactions. And can be from wood to agricultural residues. As an energy source, biomass can
either be used directly via combustion to produce heat, or indirectly after converting it to various
forms of biofuel. Conversion of biomass to biofuel can be achieved by different methods which
are broadly classified into: thermal, chemical, and biochemical methods, explained latter in
section 3.3.

Biomass feedstock derived from plants obtained its energy from the sun. Sun helps in the
photosynthesis process (a), in which plant converts carbon dioxide and water into nutrients and
releases oxygen to the atmosphere (b). In the harvest and transportation process carbon dioxide is
emitted (c). Finally, in the conversion process, wood is burned and the carbon stored in the
woody tissue is combined with oxygen and CO2 is releases (d). This entire process is the reason
biomass uses as an energy source is known as zero carbon dioxide emissions fuel, because the
equation of in- out carbon dioxide emissions results is in balance, and in some case is negative.
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In the above figure is explained the process of the sustainable balance of the biofuel‟s carbon
emissions.

Figure 3.1: Sustainable balance of carbon (Suttles,2015).

There are several sources of biomass materials use to produce energy, most common are
miscanthus, switchgrass, hemp, corn, poplar, willow, sorghum, sugarcane, bamboo (Volk et al.,
2000). But biomass feedstock can be divided in three types:
1.Woody source (Lignocelluloses) which includes: forest residues, landscaping residues,
energy wood plantations, residues from food, industrial wood residue, waste wood residues. For
industrial purposes numerous types of plants are used: miscanthus, switchgrass, hemp, corn,
poplar, willow, sorghum, sugarcane, bamboo.
2. Non Woody biomass (Oil, sugar, starch) feedstock are: energy plants from agriculture,
straw and other harvesting residues from agriculture, residues from food industry, landscaping
residues (grass etc.)
3. Wastes: animal/Men (Fats/Proteins), farm slurry /excrements, slaughter waste, organic
waste from households and industry.

One of the biomass issues that was present at the start of the use of biomass as energy
source, it is the use of food plants, which decrease available food and increase food prices. For it
beneficial biomass resources are crops that not compete with food such as residues, give more
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production for acre and use less water. The use of organic waste products for biomass energy is
especially beneficial. When organic waste is disposed of in a landfill, it decomposes and releases
methane, a potent global warming gas. Thus, diverting these wastes for electricity production
reduces landfill volume and reduces methane emissions (Spath & Mann, 2004). In fuel
production is preferred crops that offer high biomass output per hectare with low input energy.
Producer choose to use perinatal grasses and agricultural residues because the high biomass
output and to avoid problem with the use of food as an energy sources. The most attractive
feedstock are: switchgrass (4–6 tons/acre (U.S. Dairy Forage Research Center)), corn (grains3.2–4.9 tons/acre, stalks and stovers–2.3–3.4 tons/acre (U.S. Dairy Forage Research Center) and
wheat (grains – 1.2–4.1 tons/acre, straw–1.6–3.8 tons/acre (Mac Gregor, 1993).

3.2.1 Benefits of biomass
While wood has always served as a fuel source for fires and ovens and
conventional heating methods, biomass energy advancements are a few steps beyond that.
Biomass as energy sources has many benefits. The most important is the ability to sequester
carbon; this is the key of the successful of this type of renewable energy source. In some
bioenergy processes, the amount of carbon that is re-absorbed even exceeds the carbon emissions
that are released during fuel processing or usage. Perennial crops are the ones that capture more
carbon monoxide than annual crops, this is due to the fact that greater non-harvested living
biomass, and they have less soil disruption in cultivation and do not compete with food crops.
For example, soil organic carbon has been observed to be greater in switchgrass stands than in
cultivated cropland soil, especially at depths below 12 inches.

There are emissions associated to each of the parts of the supply chain of the biomass to
biofuel; growing and harvesting biomass feedstock, transportation, storage, processing in bio
refinery. Analyzing the entire system, transportation and biofuel production are the ones that
produce more pollutants emissions. Beside, these do not change significantly by the type of
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feedstock. In contrast, feedstock captures carbon dioxide during its growth. Emissions released
by the systems come to zero, because the significant amount of them capture in the growing
process, balance the equation. This is the reason of the looking for biomass feedstock that
sequesters most possible emissions, and an efficiency system (Union of Concerned Scientists).

The plantation of perinatal grasses, which have a great carbon sequestration impact, in
areas of grasslands or forest, can cause a negative result in the net carbon emissions goal. The
reason of this is because the grassland and forest has to be cleaned before planting the
switchgrass and these have greater carbon storage capabilities, which increases as their
ecosystems mature. In addition, the carbon resulting from the plantation of switchgrass has to be
also calculated and add to the equation, resulting in a negative result. On the other hand, if the
soil is used to plant perinatal grasses, farmers are attracted to find way for food production and
take land form grasslands and forest is an option. In addition, the lack of soil to plant food and
scarcity resulted in an increase in food price. Additionally, farmers are attracted to make way for
food production taking grasslands and forest, as a result of the increase in food prices
(Seachinger et al., 2008). However, if feedstock with zero or net negative emissions are planted
in degraded or abandoned agricultural land, the equation is in favor. Some research proved that
plantation of switchgrass in degraded soil in mixtures with other perennial grasses and legumes
help with carbon storage (Fariore et al., 2008).

Another example of the biomass feedstock with advantages in carbon sequestration is
Forest feedstock. As mentioned above, forest increase it capability of capture carbon as its
ecosystem mature, and it gives a net zero global warming emissions. Use of forest feedstock and
replant with fast-growing tree species made it feasible, after a long lag-time (Manomet Center
for Conservation Sciences,2010).
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The second benefit of biomass use is that it is considered as a clean energy and the
commercial business that consumed it receive tax credit from the US government. This is an
economic and social advantage for the business, because biofuel has the same or less price that
fossil fuel and tax received, and it received the social approbation for be a social responsible
business (Conserve Energy Future).

Biomass is an abundant and renewable sources as it is a living or recently living matter,
and never run out. It can be taken also by wastes. As long as is something living on earth is
something growing and waste that can be convert into energy. The United States has an ample
forest to take lumber as biomass feedstock. In addition, new techniques allows production of
feedstocks, as algae, in small land areas.

As renewable source that can be produced in the own country or region by homeowners,
reduce the dependency on fossil fuels. Most of the countries have to import fossil fuel and the
costs of these increases due to the scarcity and high cost of extraction. Uses of renewable sources
is an ideal solution to avoid dependency and minimize consequences of contamination for
combustion of fossil fuel. Without mentioned the incomes received by homeowners for biomass
harvest and all the process involve in the biofuel production.

Biomass involves three types of feedstock and waste is one of these. Wastes from
farm slurry, excrements, slaughter waste, organic waste from households and industry can be
used to generate electricity. Waste in landfills are harmful to the environmental and convert it
into useful biomass material, is beneficial. Decomposition of organic material produces methane
which run a turbine in order to generate electricity, in the process landfill are partially burned
and reduce (Conserve Energy Future)..
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The material sources that can be converted into biomass energy are immense,
since all living material containing carbon and this can be processed to produce energy. At the
same time, it is also a wide variety of products that can be obtained by conversions and gives a
great opening applications. These renewable energies can be obtained in any region, due to its
variability, unlike other renewable energies that can be used in regions that are present, for
example, high levels of solar radiation or strong wind currents. Thus biomass is the only
alternative available globally and can be harvest when it is needed.

3.2.2 Disadvantages of using biomass
Biomass principal advantage is the capability of carbon-sequestration, balancing the
equation to neutral carbon emission or negative emissions. This proposal was started in the early
1990s, but recent research presents that untouched forest captures more carbon than cut-over
areas, by reason of the maturity of the ambient.

When an old tree is cut to be consequently

burned to produce energy, the amount of carbon that is emitted is greater than that created by the
wood waste in the process of decay. Not even in 50 years the forest can reach their carbon
storage capacity. It is therefore recommended by scientists not to hurt the virgin forests for the
production of energy, since this type of material tendency to produce a greater quantity of carbon
emission than the carbon sequestrate by future generations (Clifton_Brown & Lewandowsk,
2000) (Kiniry et al. 2008) (Zegada-Lizarazum, 2011). The time taken for the forest to reach its
optimal carbon sequestration point, converts into a non-renewable sources. The time is shorter
than fossil fuel such as peat, but the time take for the forest to re-establish itself are hundreds.

This problem has come to be presented by environmental groups which have concern
about this activity that involves problems such an increased in the emissions causing the climate
change problem and the negative impacts on the forests and jungle ecosystems. A clear example
is the report "Fuelling a Biomess" (Andrews,2009) released by Greenpeace, which shows their
concerns for forest biomass as due of Whole- tree harvest practice, because any part of the tree
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can be burned and process, and remove all gives us more space for culture. Harvesters are
encouraged to remove all, thus creating a major problem for soil nutrients that are removed,
creating a problem of long-term malnutrition. For which strategies have been proposed as to
standing trees, naturally disturbed forests and remains of traditional logging operations
previously left in the forest. In conclusion, due to the severe consequences that are experienced
due to climate change and the urgent need to reduce the emission of greenhouse gases caused by
the use of forest biomass, environmental organizations oppose the continued use of this to energy
productions of Biomass Energy (Andrews,2009) (Baxter,2005).

Biomass taken by animal wastes can imply many consequences. Analyzing all the factors
needed for the production of this wastes, it results expensive: purchases of animals, house, care,
food, etc. As stated previously one of the pillars of sustainability is economical factor and the
cost of using animal waste as feedstock makes unsustainable alternative. Further, environmental
pillars are also affected by the use of human and animal waste because they can be harmful to the
Earth‟s ozone layer and public health. It saved carbon dioxide emissions but produced methane
gases, and the burning of forest feedstock is also released. Within emissions produced by burning
these are: carbon monoxide, carbon dioxide, nitrogen oxides, and other pollutants and
particulates. If these emissions are not controlled, the equation can result in more emissions of
fossil fuels. On the other hand, it is necessary a significant space to burn it and areas closes to it
can be affect or areas quite far has to be used, but increasing transportation cost. The smell and
components attract pests and spread bacteria and infection.

The resulting ethanol as biodiesel is inefficiency compared to gasoline. It has a lower
energy density, this represent a 50% water in biomass consistence. Scientists and engineers
estimate that it is not economically efficient to transport biomass more than 160 kilometers (100
miles) from where it is processed. To increase its efficiency, it has to be combined with some
gasoline, emitting pollutants to the ambient. It tools damage the combustion engines with time.
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Another factor is that given its inefficiency, a major quantity of biomass is required so as much
forest, grassland or food has to be cut or harvested, increasing topological major problems,
causing changes and destroys the homes of countless animals and plants. Most biomass requires
arable land to develop. This nutrients impoverishment made land unviable for biomass or food
production. If the LCA of the biofuel production considers the construction phases, in its fossil
fuels are required for transportation, construction, etc.

In contrast, disadvantages to the ecosystem can be divided into water and land use. The
amount of water use depends of the type of feedstock. For example, agricultural, forest and urban
waste does not require additional irrigation. However, miscanthus a perennial grass requires a
large amount of water. New generations of biomass are perennial grasses that do not require
large quantities of water (Clifton_Brown & Lewandowsk, 2000). Contamination of water occurs
with fertilizer runoff, soil tillage and nutrient runoff. Land use impacts depend on the type of
feedstock; waste stream as result of another activity does produce an additional land requirement
as energy crop that is grown specifically for generating electricity (Kiniry et al., 2008). Use of
agricultural residues has to carefully remove the quantity that ensure that sufficient crop residues
are left behind to improve soil carbon storage, maintain nutrient levels, and prevent erosion.
Forest cut for energy production have to care re-forestation to maintain wildlife habitat and flora.

Energy crops present many of the same environmental challenges as food crops, and
therefore the same principles of sustainable agriculture apply: crop rotation, integrated pest
management, and proper soil husbandry to prevent soil erosion. Many energy crops use less
fertilizer and pesticides than typical food crops, and perennial grasses do not require annual
tilling and planting. These crops can even be advantageous for some farmers; alternating the
planting of food and energy crops can help stabilize the soil and provide supplemental farm
income (Zegada-Lizarazum, 2011).

35

3.3 Biofuel generation
Biomass is an organic molecule which contains hydrogen, oxygen, nitrogen, alkali,
alkaline earth and heavy metals. Biomass can be divided into five basic categories of material:
a)Virgin wood, from forestry, arboricultural activities or from wood processing
b)Energy crops: high yield crops grown specifically for energy applications
c) Agricultural residues: residues from agriculture harvesting or processing
d) Food waste, from food and drink manufacture, preparation and processing, and postconsumer waste
e) Industrial waste and co-products from manufacturing and industrial processes
(Biomass Energy Centre, 2011)

3.3.1 First generation
The first generation of biofuels was produced by food crops; the oils were abstract by
them for biodiesel or bioethanol (fermentation) production (UN Report 2007). Bioethanol is
obtained from crops as wheat and sugar, they are fermented an alcohol fuel result which can be
directly in a fuel cell to produce electricity or serve as an additive to gasoline. Biodiesel is
produced from oil seed rape.
The problems that first generation presented are food scarcity and increments in price and
carbon sequestration balance. Most important issue with first generation is the debate between
the use of food production for human consumption or fuel. Use of food feedstock for the
production of biofuels of These types of feedstock produce many emissions in its production
phase compared with the carbon taken in the growth phase, resulting in a negative result in the
carbon sequestration equation.
However, the most contentious issue with first generation biofuels is „fuel vs food‟ as the
majority of biofuels are produced directly from food crops the rise in demand for biofuels has
lead to an increase in the volumes of crops being diverted away from the global food market.
This has been blamed for the global increase in food prices over the last couple of years. Using
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food feedstock resulted into an increased in food crops‟ demand and therefore an increase in
prices. Since the amounts harvested must be divided between the demand for food and biofuel
demand. In later years, there was an increase in the overall cost of food, producing only
worsening the food shortage problem (Martini,2010).

3.3.2 Second generation
The problems with food supplies encourage the use of waste materials as wood, organic
waste, food crop waste and lignocellulosic biomass (UN Report 2007). These were called the
second generation biofuels, which made more cost competitive them by affectation in the
increment in food price (European Commission, 2006).

Life cycle assessments of second-

generation biofuels have also indicated that they will increase „net energy gains‟ over coming
another of the main limitations of first generation biofuels. Lignocellulosic biomass is the most
promising alternative due to the economical production but it presents technological issues.
These issues arise mainly due to chemical inertness and structural rigidity of lignocellulosic
biomass (Naik et al. 2010, European Commision, 2006).

3.3.3 Third generation
Third generation presents many technological improvements for productions of biomass
such as lower space requirements and high energy source. Algae are the biomass feedstock of
third generation because it has: a low-cost, high-energy and entirely renewable feedstock. They
produced more energy per acre and require land and water unsuitable for food crops (Education
Encyclopedic Entry, 2015). Algae grown with ocean water and arid land and land with
excessively saline soil.

The algae cultivation can be done in cycle loop system,

photobioreactors, open-pond and algal turf scrubber. Algae produce energy faster than
conventional crops, its harvest cycle is of 1-10 days, 30 times faster, also carbon dioxide is
bubble through it, which increase carbon dioxide sequestration. Oils contains in algae outcome in
biofuel.
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3.3.4 Fourth generation
Four Generation Biofuels are aimed for capturing and storing carbon dioxide. The main
difference between Biomass materials, which have absorbed CO2 while growing, are converted
into fuel using the same processes as second generation biofuels. This process differs from
second and third generation production as at all stages of production the carbon dioxide is
captured using processes such as oxy-fuel combustion (Volk et al. 2000). The carbon dioxide can
then be geosequestered by storing it in old oil and gas fields or saline aquifers. This carbon
capture makes fourth generation biofuel production carbon negative rather than simply carbon
neutral, as it is „locks‟ away more carbon than it produces. This system not only captures and
stores carbon dioxide from the atmosphere but it also reduces CO2 emissions by replacing fossil
fuels (Schmetz, 2009).

3.4 Biofuel supply chain
The cost of the biofuel or by-product‟s obtained from biomass processing are highly
impact by the transportation and efficiency of the supply chain. Biomass most oftenly present a
variability in sources and seasonality. The most important challenges in the biofuel supply chain
are the technical, logistic, financial, and social issues (Mafakheri, Nasiri, 2014).

a) Technical issues are: inefficiencies of conversion, storage methods for seasonal availability,
complex multi-component constituents incompatible with maximizing efficiency of single
purpose use, high water content, conflicting decision, and complex location analysis.

b) Logistic issues are: storage and seasonally idle facilities, low bulk-density and/or high water
content, and approach focused in maximizing facility size.
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c)Financial issues: approach only focuses on maximizing single facility size, unavailability and
complexity of life cycle costing data, transport infrastructure, limited flexibility or inflexibility to
energy demand, risk of taken new technologies, market volatilities, and difficult or impossible to
use financial hedging methods to control cost.

d) Social issues are: lack of participatory decision making, lack of public/community awareness,
local supply chain impacts vs. global benefits, health and safety risks, extra pressure on transport
sector, and decreasing the esthetics of rural areas.

e) Policy and regulatory issues are: impact of fossil fuel tax, lack of incentives, more focus on
technology that in analysis of new materials, and not support to solutions.

f) Institutional and organizational issues are: inequality between ownerships for arrangements
with parties, lack of supply chain standards, Impact of organizational norms and rules, and
immaturity of change management practices in biomass supply chains.

3.5 Division of conversion methods
3.5.1 Thermal conversion
In thermal conversion process biomass is burned to be used for energy with the
byproducts resulting. The use of heat is the dominant mechanism to covert biomass into another
chemical form. Biomass can be burned, dehydrated or stabilized by the basic alternatives
(torrefaction, pyrolysis, gasification, direct firing and co-firing), these are differentiated by the
chemical reaction allowed controlling combustion factors (oxygen and temperature). The
biomass feedstocks vary from forest to municipal solid waste (MSW). Actually less common
processes, hydrothermal upgrading (HTU) and hydro processing, has been developed for high
moisture content biomass.
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Biomass contains moisture and thermal process is based on the combustion of this, so the
biomass must first be dried. This chemical process called torrefaction and involves subjecting the
biomass to heating of 200○ to 320○ Celsius. The dry biomass becomes blackened material which
loses the ability to absorb moisture and its mass is reduced by 20% but maintained 90% of its
energy content. If a torrefaction self-sufficient system is implemented, energy and mass losses
can be reused in the process.

For storage it is compressed into briguettes and because of its ability to repel water can be
stored in wet areas and transported easily. These briguettes contains a high energy density and
are used in the process of direct and co-firing. Steam is produced by burning briquettes and it
runs a turbine, which turns a generator to produce electricity. The power plant efficiencies range
from 20-27% but co-firirng with coal reach a 30-40%, similarly to coal combustor (Andrews,
2009) (Baxter, 2005). It decreases the demand of coal, necessity of new plants for biomass and
pollutant emissions.

At difference of co and direct firing where the biomass is burned in presence of oxygen,
pyrolysis heated it without oxygen. Feedstock is heat at a temperature between 200○ to 300○ C
and without oxygen biomass‟ chemically is altered, producing pyrolysis oil, syngas and bio char.
Pyrolisis oil is combusted to generated electricity and also it can be used as a component in other
fuels and plastics. Syngas is converted into methane as natural gas. Biochar is a type of charcoal
than help to enriched soil and prevents it from leaching pesticides and other nutrients into runoff.

In gasification thermal process, biomass is heated with a controlled amount of oxygen to
more than 700○C. In this process molecules break down and produce syngas and slag. Syngas is
composed by hydrogen and carbon monoxide and is cleaned of sulfur, particulates, mercury and
other pollutants. It can be used for heat, electricity, transportation biofuels, chemicals, and
fertilizers. Finally, slag is a molten liquid use to make shingles, cement, or asphalt.
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3.5.2 Chemical conversion
The chemical processes converted biomass into other forms convenient for use,
transportation, store, or exploit some property of the process itself. Some of the processes are
Fischer-Tropsch synthesis, methanol production, olefins and gasification is the first step in most
cases. Gasification is considered as thermal-chemical process, because it involves burned of
biomass changing the chemicals properties of it (Liu et al, 2011). The risk in it is that biomass is
more difficult to feed into a pressure vessel and it is done at atmospheric pressure releasing more
pollutants to the ambient. But it is main advantages is that any material can undergo it, and it is
more attractive than ethanol or biofuel (Rajvansh, 1986). Other method is via selective
conversion of individual components of biomass (Kunks et al. 2008) For example, cellulose can
be converted to intermediate platform chemical such a sorbitol (Shrotri, 2012), glucose
(Kobayashi, 2013), hydroxymethylfurfural (Chheda, 2007) etc. These chemical are then further
reacted to produce hydrogen or hydrocarbon fuels (Huber, 2006). Biomass also has the potential
to be converted to multiple commodity chemicals as halomethanes. Other chemical processes
such as converting straight and waste vegetable oils into biodiesel is transesterification(Biomass
Energy Centre b).

3.5.3 Biochemical conversion
Biomass is a natural material and therefore the biochemical conversion process is done
naturally without the need for intervention or with only the use of microorganisms. This process
is carried out to break down the molecules of biomass with the use of the enzymes of bacteria
and other microorganisms. Microorganisms are used to perform the conversion process:
anaerobic digestion, fermentation, and composting.

3.5.4 Electrochemical conversion
Biomass can be converted directly into electrical energy via electrochemical oxidation of
the material, directly and indirectly. Directly with a carbon fuel cells, ethanol fuel cell or a
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microbial fuel cell (Munnings, 2014),(Knight, 2013). Indirectly in a fuel cell system containing
a reformer which converts the bio-mass into a mixture of CO and H2 before it is consumed in the
fuel cell (Badwal, 2014).

3.6 Biofuel by products
Biomass can be processed by different methods and the products resulting from these
conversations vary; biofuel, biochar, black liquor, and hydrogen fuel cells.

The biomass‟ most common products, as liquid biofuel, are obtained in the chemical
conversion such as ethanol and biofuel. This is the main attraction to biomass, because it is the
only renewable energy source that can be converted into liquid, which made it easier to transport
and it can power vehicles or turbines to make electricity. Its efficiency is not high as gasoline,
but combining it with gasoline reach a high efficiency and the emissions emitted are less than
gasoline along. Ethanol is obtained by fermentation of sugar cane, wheat or corn. Biodiesel is
the combination of ethanol with animal fat, recycled cooking fat, or vegetable oil. The
production rate by an acre of corn is 1,515 liters (400 gallons), this made agricultural residues
and perennial grasses more attractive. It also takes position against the wood in residential
fireplaces, because it heats in the form of flames and it emits water vapor.

Bio char is a second byproduct resulting from chemical conversion (pyrolysis). It is a
porous solid material and when burned it does not release carbon dioxide to the atmosphere, it
stored its carbon content. When it is returned to the soil, it continues absorbing carbon and
creates a carbon sink underground. This enriches the soil and helps the plantation to retain water
and nutrients.

A byproduct resulting from the manufacturing process of wood into paper is the black
liquor, a high-energy toxic substance. Since 1930s, it was used to power the mill, across the
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recovery boiler and actually in U.S. paper mills use their black liquor to run their mills. It retains
more than 50% of the wood‟s biomass energy. Recently research tested the use of gasification to
produce syngas and generated electricity.

Hydrogen Fuel Cells are also a byproduct of biomass conversion, as it contains a high
content of hydrogen. By a chemically extraction hydrogen can be stored and use to generate
power and to fuel vehicles. It can be concentrate in stationary fuel cells, and these cells generate
electricity to remote areas. Additionally, they are used to power buses, forklifts, boats, and
submarines. The main disadvantages of this technology are than it can become unsustainable and
expensive by the process required to isolate, compress, package, and transport. The U.S.
Department of Energy estimates that biomass has the potential to produce 40 million tons of
hydrogen per year. This would be enough to fuel 150 million vehicles.
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Chapter 4: Literature review
The imminent need to increase the production of biofuel obtained by the transformation
of biomass into liquid energy has taken a new research area. This area is in the influents factors
involve in the optimizing of it. Researches have been focused, since the use of one to various
types of feedstock until the methodologies for improve the biomass-to-biofuel logistics. The
main focus of this research is the development of algorithms to optimize the logistic system of
biomass-to-biofuel, taken a logistic system with the availability of uses several types of
feedstock. The problem considers determine the amount harvest/purchase from each field,
scheduling the harvest for each switchgrass production field, the openings and capacities of
intermedia warehouse and biorefineries, and specifying the transportation flow of switchgrass
and residues among the logistics network.

The literature review was made in several research steps, starting from the impact of the
use of multiple types of feedstock instead of one and the use of non-food sources. Then
following the first case scenario focused in the maximization of profit, works improving revenue
and analyzing the issues that can be presented are checked. Thereupon, in order to complement
the optimization to a more sustainable view, research in the works focus on the assessing of more
aspects that economical were reviewed.

4.1 Single objective optimization
Thorough research has been made to approach the problem of biomass-to-biofuel logistic.
Most of these approaches consist on formulation of linear equations to achieve a more realistic
calculation on the cost of producing biofuel. Recent approaches reformulated linear equations
into Mixed-Integer Linear Programs (MILP), while some others continue to use linear
optimizers.
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Cundiff et al; 1997 contributed towards the design of a biomass delivery system,
considering storage, scheduling and transportation issues. The problem analyzed was to
determine optimal schedules for shipping biomass from each producer‟s field to the central plant,
along with a schedule of storage capacity to accommodate the shipping satisfying weather
scenarios. Minimization of four costs was aimed by the study, costs such as: transportation,
construction/expansion, cost of violating capacity constraints and cost of violating the demand
schedule. The case-study involved a theoretical county in the Piedmont region of Virginia and it
was done for a 1 month time period. The data utilized in the study included 20 possible switch
grass producers as well as four to seven storage locations each. A solution methodology called
two-stage decision approach is described when dealing with uncertainties in Linear
Programming problems. The model provided different delivery schedules from which the
optimal provided a solution of a minimum cost of $500/day/truck. Thirteen years later, a similar
study for storage was done by Judd et al; 2010 who proposed a possible solution to the problem
encountered in the storage of biomass en-route to bio-energy plants. The study provided storage
locations throughout an area for the temporary storage and loading of bales. By comparing prior
results of uniform distribution of storage locations with the usage of a mathematical
programming-based approach that seeks optimal locations with the objective of minimizing
transportation and storage location costs. Integer programming formulation is employed to solve
the biomass location allocation problem presented. Results showed that the mathematical
methods proposed achieved savings of 79% over previously used methods. After showing the
improvement made by mathematical methods, two years later Judd et al; 2012 utilized a
mathematical programming-based method to determine the Satellite Storage Locations and
equipment routes that will minimize the total cost of a feedstock logistics system that relies on
the use of SSLs for temporary storage and loading of round bales. Three different equipment
systems are considered which can be either installed at each SSL or mobile in between SSLs.
The paper proposed a Mixed Integer Linear Program to determine optimal number and locations
of the SSLs while minimizing transportation, equipment use and labor costs.
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Mapemba et al; 2007 conducted a study to determine the cost to procure, harvest, store,
and transport to a biorefinery a flow of lignocellulosic biomass for biorefinery feedstock
produced on CRP grasslands to a biorefinery and to determine how policies that restrict harvest
days and frequency influence cost. A case study was conducted in the Southern Plains of Kansas,
Oklahoma, and Texas which include an area of concentrated Conservation Reserve Program
(CRP) land. A multi-region, multi-period, mixed integer mathematical programming model was
constructed to determine the cost and to identify optimal location for a biorefinery among several
potential sites. Three different biorefineries sizes were modeled based on dry tons of feedstock
requirements either 1,000, 2,000 or 4,000 dry tons per day. The size of the biorefinery and the
storage capacity was calculated as the equivalent of the total production in three weeks. For
purpose of this study, the minimum inventory level at a biorefinery is assumed to be zero.
Storage loss assumed by this model as well of an operation of 365 day for the biorefinery.
Results obtained by this study showed a direct proportion among the size of the biorefinery and
the transportation distance meaning that as the biorefinery size increased the transportation
distance increased as well; resulting in a rise in transportation cost. Meanwhile, Epplin et al;
2007 Contributed in analyzing the cost to produce switchgrass for two different alternatives:
land-lease alternative and farmers-contract alternative. The first alternative assumes a full
integrated system where biorefineries enter in long-term leases of land such as the case of CRP
leases. On the other hand, the second alternative assumes the biorefinery enters in long-term
production and harvest contract with individual farmers. The main objective of the paper is to
determine the cost for each of the alternatives and to determine if NREL‟s estimated delivered
cost of $35 per dry ton is realistic; in addition to identifying challenges of switchgrass as a
dedicated bioenergy crop. A multi-region, multi-period, mixed integer mathematical
programming was modeled to describe the land lease alternative. Whereas, for the production
contracts a different approach was conducted resulting in a project which main objective was to
determine the incentive required to enhance farmers to produce switchgrass. A competitive
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bidding process was conducted which considered the ability of the bidder to produce switchgrass
and to evaluate their suitability for the project in addition to the amount bid. The results
generated by the comparison of the Oklahoma model and the Tennessee model showed that both
costs range among the same numbers, while in comparison to the NREL‟s estimated delivery
cost this range is substantially more than their estimated cost. The analysis also provides an
insight on the requirement of increasing switchgrass yield per acre to satisfy a reduction in cost
that will satisfy the NREL‟s estimated cost.

Tembo, et al; 2003 analyzed specific regions in Oklahoma developing a multi-region,
multi-period, mixed integer mathematical programming that will help in identifying the key
components and potential bottlenecks of conversion of lignocellulosic biomass to ethanol
coupled with opportunities for reducing costs. The study determined the most economical source
of lignocellulosic biomass, timing of harvest and storage, inventory management, biorefinery
size, and biorefinery location as well as the suitable price of ethanol, for a gasificationfermentation process. The main objective of the model was to maximize the total net present
worth of the project. An assumption of the model was that landowners will accept a long-term
lease. Thorsell et al, 2004; conducted a study to determine the cost to harvest lignocellullosic
biomass to use as a biorefinery feedstock and to determine the potential economies of size that
might result of a coordinated structure. A three-step procedure was used to estimate the harvest
cost from the Oklahoma model. Two agricultural machinery cost computer programs,
AGMACH$ and MACHSEL, were used to determine the machines that will result in the lowest
cost at intensive use, as well as to design a coordinated set of machines and estimate costs for
owning and operating the machines. The third step was to parameterize the number of hectares to
be harvested to estimate the long-run average cost curve for alternative biomass yields. Results
for the study showed that annual harvest capacity in terms of hectares per harvest unit varies with
biomass yield. Later, Bruglieri & Liberti; 2008 proposed mathematical models for solving
problems arising from planning and running an energy production process. Problems such as
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determination of biomasses to produce and/or buy, transportation decisions, and plant site
locations. The paper modeled a mixed integer linear program based on a region located at Italy
where a change into a more diversified scheme is expected to be achieved in order to provide
enough biomass to fuel an energy production plant. The analysis resulted in a linear programing
model describing a biomass-based energy production process and two mixed integer nonlinear
programing problem models for a simplified planning of the installation of processing plants.
Spatial Branch and Bound algorithm was used to solve the MINLP problems converging exactly
to the optimum. Shastri et al.; 2011 conducted a study of an integrated framework to connect
various feedstock production related activities such as pre-harvest crop management, harvesting,
transportation and pre-processing. A breadth level mathematical programming model called
BioFeed is introduced as a Mixed Integer Linear Program (MILP.) The model has the main
objective of determining the optimal configuration to the feedstock production system to
maximize the total profit while incorporation long term design decisions as well as management
decisions. The study found that the total profit is highly sensitive to factors such as truck idling
time and output density.

Sultana & Kumar; 2011 conducted research on the optimal configuration and
combination considering multiple types of biomass at the biorefinery. The indicated feedstocks
are wheat straw, corn stover, and woody biomass. An analysis on different delivery costs of
biomass was developed in order to find the best combination at a lower cost. The methodology
implemented is mainly based on the application of empirical equations based on previous data.
Results demonstrated that the delivery of wheat straw, and corn stover packaged in ales and
sending the woody biomass as chips is economically better. Thus, delivering a 30% in bales and
70% in chips causes a reduction in traffic congestions while delivering the feedstock to a
biorefinery of 5000 dry tons per day. That same year, Zhu & Yao; 2011 explored the possibility
of using perennial grasses such as switchgrass and agricultural residues such as corn stalk and
wheat straw in a biorefinery. By proposing a multi-commodity network flow model to design the
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logistics system for a multiple-feedstock biomass-to-bioenergy industry. This problem was
formulated as a Mixed Integer Linear Programing to determine the locations of warehouses, the
size of harvesting team, the types and amounts of biomass being harvested or purchased, quantity
of biomass to be stored, and total to be process for each month during a planning horizon of a
year. Assumptions considered in this model are the harvesting season of three biomass
feedstocks. The central management of the system harvests switchgrass, while corn and wheat
are purchased from an exterior supplier assuming it can be bought at any time independent from
their harvesting season if available. The residue from bio refineries is re-circulated to switchgrass
field. Two transportation modes are taken into consideration for this system, truck and train
which is considered cost-effective over the truck, is only available for locations near the rails.
The results presented in this paper is a comparison among three different case scenarios where
the first one considers only switchgrass feedstock, the second case the three types of biomass,
and the third case varies the types of biomass feedstocks. The numerical study showed that the
usage of different types of biomass can increase the supply of biomass, alleviate the seasonality
caused by the non-harvesting season of switchgrass, smooth the biofuel production, and
eventually increase the unit profit of biofuel.

Zhu et al; 2011 also analyzed the challenges in designing the logistics system for
biomass-to-bioenergy industry, including features such as low bulk density, restrictions on
harvesting season and frequency, content variation with time and circumambient conditions,
weather effects, scattered distribution over a wide geographical area, among others. A mixed
integer linear programming model was implemented to serve as a decision-making tool that will
maximize the profit in this multi-echelon, multi-period, and multi commodity supporting system.
The analysis of the model was given by a numerical example that analyzed one year of
operations regarding one unique type of biomass which is switchgrass. Within the analysis the
planning period was set up as monthly, and planning horizon as a year. Residue from
biorefineries is assumed to be re-circulated to switchgrass fields as fertilizers. Two types of
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transportation modes are considered in the system: train and truck, considering train to be the
most cost-efficient. The numerical study verified that the model presented demonstrated practical
uses for designing the biomass logistics, including determining the openings and capacities of
biorefineries and intermediate warehouses, scheduling the harvest for each switchgrass
production field, determining the size and operations of the harvesting team, and specifying the
transportation flow of switchgrass and residues among the logistics network. In 2012, Marvin et
al., formulate and solve a mixed integer programing (MILP) problem of an optimization study of
the net present value of a biomass-to-ethanol supply chain in the Midwestern, United States. A
single parameter sensitivity analysis and Monte Carlo simulation were approaches performed to
determine the robustness of the supply chain. The optimization problem consisted on
determining the location of the biorefineries in conjunction with their capacity in addition to
harvesting quantity and shipping so as to maximize the net present value.

In the first case scenario, it is approaching this problem as a multi-commodity network
flow structure, the present work proposes the use of the genetic algorithm for the design
optimization of a biomass to bio-refinery logistic system considering multiple types of feedstock;
agricultural residues and perennial grasses. The main objective of the current problem is to
maximize the total annual profit by determining the openings of intermediate warehouses, the
transportation flows of the biomass crops as well as the amounts of biomass harvested,
purchased, and processed.

4.2 Multiple objective optimization
Although one of the major concerns of biofuels is their cost-efficiency, nowadays is not
only proﬁt that is important, many people, companies and government itself are concerned about
the sustainability of biofuels as well. Therefore, several researchers have addressed the problem
by incorporating the environmental aspect of the biofuels supply chain. Multiobjective
optimization models have been designed to examine the optimal supply system taking into
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consideration greenhouse gas (GHG) and feedstock cost. For example, a study done at Tennessee
considered the plant gate cost of switchgrass, including the farm gate cost and transportation
cost. For this study there was no market price for switchgrass, therefore the farm gate cost of
feedstock was calculated by considering the cost of switchgrass production, storage, harvest, and
the opportunity cost of land conversion to switchgrass production. The greenhouse gas being
analyzed includes direct and indirect emissions. Indirect GHG emissions in the feedstock supply
chain refer to the production of seed, fertilizer, herbicides, farm machinery, and trucks used in
agricultural production activities. Direct GHG emissions come from land use change for
feedstock production, energy use for farming operations, and transportation. This study applied a
multiobjective mathematical model to minimize both cost and GHG emissions in a switchgrass
supply chain and resulted in that both feedstock cost and GHG emissions from the switchgrass
supply chain were heavily influenced by the type of land converted for switchgrass production
(Yu et al., 2014). Other methods employed that also include the environmental aspect of the
biofuels supply chain is that it can be found to be the use of Arena Simulation Software. A
design that evaluates the supply chain based on delivered feedstock cost, energy consumption
and GHG emissions was implemented. The model is built by three sub-models: reading models
inputs, supply activities such as harvesting/processing, transportation and storage at the biomass
processing facility, and daily biomass processing. The model is tested under a case study for
Michigan‟s Lower Peninsula. Energy use and GHG emissions are assumed to be associated with
harvesting/processing and transportation activities. The model as well tracks inventory level at
facility. The model demonstrated to be a useful tool to represent a supply chain for biomass
feedstock for several biofuel facility locations and it can be extended nationwide (Zhang et al.,
2012). Other studies focus specifically on one type of biomass feedstock such is the case of a
study developed to evaluate cost, energy input and carbon emissions for a number of switchgrass
supply options. The study was done with the use of the Integrated Biomass Supply Analysis and
Logistics (IBSAL) model developed at Oak Ridge National Laboratory (Kumar & Sokhansanj,
2007). Proposed methodology found to address both economic and environment aspects at the
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same time is a linear multi-objective programming model. Results of numerical studies indicate
that the chain-based aggregate net proﬁts can be improved by 21.1%, compared to the existing
operational performance in the particular case studied [19]. Several methodologies to address
this problem as a multi-objective model can be found such as a normalized normal constraint
method to solve the model by general MIP solver CPLEX 9.0 to get a Pareto optimal set (Wang
et al., 2011)..Extension of the classical UFLP, a classical facility location problem, in which the
economic

objective,

service

objective

and

environmental

objective

simultaneously as part of the sustainable facility location design.

are

considered

The computational tests

demonstrate that the optimum solution obtained is a reasonable trade-off of the three component
objectives, and suggest that more logistics facilities be opened to decrease CO2 emissions and
improve service level (Xifeng et al., 2013) (Daskin et al. 2005). Some other papers suggest the
use of evolutionary multiobjective optimization algorithm to lead a decision maker (DM) to the
most preferred solution of her or his choice (Sinha, 2014 (Zhou, 2011).

You et al. (2012) addressed the optimization of cellulosic ethanol supply chains under
economic, environmental and social objectives. The model is developed as a multi-objective
mixed integer linear program (MO-MILP) while taking into account the characteristics presented
by cellulosic ethanol, such as seasonality, as well as supply, demand, regional economic
structure and government incentives. The main objectives of the paper are minimizing total
annual cost of the project, minimize greenhouse emissions and maximize the number of jobs
created. The model yields a Pareto-optimal curve that reveals the tradeoffs between the
economic, environmental and social aspects that need to be considered by decision makers.

Approaching this problem as a multi-commodity network flow structure, the present
work proposes the use of the multiple objective evolutionary algorithm MOEA and a modified
MOEA for the design optimization of a biomass to bio-refinery logistic system considering
multiple types of feedstock. The multiple objective problem considering two objectives,
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maximizing the total profit and minimizing the global warming potential use the Multiple
Objective Evolutionary algorithm. In the problem where four main objectives are aimed to be
achieved, the first one being the maximization of the total net profit, the minimization of global
warming potential, acidification potential and eutrophication potential, the Modified MOEA was
proposed. In contrast to past research, this paper not only takes into consideration the GHG
emissions, nor evaluates the global warming impact category; in addition it aggregates two other
objectives by considering as well acidification and eutrophication potentials creating a more
extensive and complete analysis of sustainability of biofuels supply chain. Considering that an
exact determination of the Pareto set is unfeasible, the multi-objective evolutionary algorithm
guarantees an approximation to the Pareto-optimal set. Numerical examples are shown to
demonstrate the efficiency of the algorithms and how its implementation can significantly
improve the biofuels supply chain.
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Chapter 5. Developed Algorithms for Biofuel Distribution
During this research project, the logistic of biofuel supply chain problem was addressed
in different instances, starting as a single objective problem and turning into a multi-objective
problem. Methodologies to solve each case were required to be different and more complex as
the nature of the objective function. The single objective problem has the purpose of maximizing
the total profit, implementing the Genetic Algorithm to solve it because of the performance of
GA in combinatorial problems. Then the problem became as a multi-objective problem, having
several objectives in conflict: maximization of total profit and minimization of global warming
potential. The Multiple Objective Evolutionary algorithm proposed by Taboada et al. was
adapted to solve this two objective problem (Taboada & Coit, 2012). Environmental life cycle
analysis grasps several impact categories. Analyzing the example problem, the most important
impact categories were global warming, acidification and eutrophication potentials. As a result, a
new algorithm was developed to figure out the four objectives: maximizing the total profit, and
minimizing global warming, acidification and eutrophication potentials.

5.1 Developed Single Objective Optimization Algorithm
As a promising, intelligent algorithm, an American scientist, John Holland, developed the
Genetic Algorithm during the 1970s. The Genetic Algorithm is an adaptive heuristic search
method which mimics the natural process of evolution. The Genetic Algorithm is a probabilistic
search algorithm based on the mechanics of natural selection and natural genetics. It is
considered as a highly effective random searching and optimized method which consists of the
survival of the fittest, inspired by Mendel‟s theory of heredity and Darwinism (Yancang &
Shujing, 2010). Widely used in computer science and operations research, it is categorized as a
global search heuristics that will enable finding exact or approximate solutions to optimization
and search problems. The Genetic Algorithm optimizes the desired variable through encoding.
Evolution in the Genetic Algorithm is considered as a process in which possible solutions evolve
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into a better solution through generations. In comparison to biological terms, solutions arise from
a set of possible genetic sequences; hence, the best solutions result from organisms that were
able to survive and reproduce within their own environment. The Genetic Algorithm is one of a
variety of Evolutionary Algorithms (EAs), and it applies techniques inspired by evolutionary
biology such as inheritance, mutation and crossover. A random possible solution represented as a
form of data structure is generated. In technical terms of a genetic algorithm, this possible
solution is recognized as a chromosome which constitutes an individual in our entire population.
The data structure is arranged in a sequence of genes, string form that encodes the data
characteristics that will provide the best solution evaluated by the objective function. The
chromosome is completed by a sequence of genes, which represents information about the
individual and can be in the form of bits, digits, or letters (Kumar et al., 2010). The Genetic
Algorithm simulates the best individuals inside successive generations; a set of individuals
composes the entire population being evaluated at each generation. A specific methodology is
followed when formulating and evaluating a genetic algorithm which is showed in the figure
below.

Figure 5.1. Graphic representation of genetic algorithm.
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5.1.1 Genetic Algorithm description
In addition to the characteristics described above, a thorough description of each stage of
the algorithm is given in order to give a better understanding of its application.

Step 1. Initialization:
The chromosome is modeled as a set of parameters which define a proposed solution.
When searching for the structure of the chromosome, encoding becomes an important factor
which decision depends at the most on the problem being solved. Types of encoding include the
following: binary, integer, real and characters.

Figure 5.2. Visual representation of chromosome and genes.

Once the structure of the chromosome is decided, that possible individual is
evaluated by the fitness function. Here, the fitness function is derived from the objective
function in the mathematical modeling. When the chromosome evaluated complies with
the expected results, the structure is accepted and the initial population is then randomly
generated. The size of the population is dependent on the nature of the problem, but it
commonly constitutes several hundred possible solutions (search space).

Figure 5.3. Fitness of individuals that constitute a population.
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Integer encoding was chosen for the structure of the chromosome constructed for
the design of biomass to biorefinery logistics system. The chromosome is composed of
12 rows representing each month of the year. Moreover, the chromosome is divided in
four sections. The first section, composed of the columns 1 through 3, determine which
fields will be available in each month m where m=1-12 for each type of biomass
feedstock (l). The second section, columns 4 through 6, specifies quantities to be
harvested at each of the available fields for switchgrass fields or the amount of dry tons to
be bought from corn stalk and corn straw fields. The third section formed by columns 7
through 9 provides specific routes that need to be followed in order to deliver the biomass
to one of the two biorefineries considered in the model. The route has [x,y] where x
represents if the biomass was transported to a warehouse. 0 represents that it was not
transported to an intermediate warehouse. 1 represents that it was transported to
intermediate warehouse number 1, 2 represents that it was transported to intermediate
warehouse number 2, and 3 represents that it was transported to intermediate warehouse
number 3. Also, y represents to what biorefinery the biomass was transported, where 1
represents biorefinery number 1, and 2 represents biorefinery number 2. The last column
is the last section of the chromosome which provides the number of the field to which the
residue will be re-circulated, considering only switchgrass fields. The information of nonharvesting months of switchgrass in addition to the purchasing months of corn stover and
wheat straw to fulfill the lack of switchgrass is also considered in the encoding of the
chromosome. To indicate this, the first column represents which switchgrass fields will
be open at each specific month of the year, whereas the second and third columns show
which fields of corn stover and wheat straw are going to supply the biomass on
switchgrass non-harvesting months, respectively. Columns 4 to 13 indicate the quantity
of dry tons to be harvested from each of the switchgrass fields 1 thru 10. Next columns
14 and 15 show the amount of dry tons to be purchased of corn stover, while, columns 16
and 17 represent the quantity purchased of wheat straw. Columns 19, 20 and 21 are
divided in ten or two cells depending of the type of feedstock to describe the route taken
by the dry tons harvested or purchased from the field to the biorefinery. A representation
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of an actual chromosome is given by figure 4 specifying each of the sections mentioned
above.

Section 1:
Fields Open

Switchgrass

Months

CS

[3,6,7,10]
[]
[8,9]
[]
[]
[1,2]
[]
[1,2]
[]
[1,2]
[]
[1,2]
[1,8]
[]
[4,6,7,10]
[]
[6,7]
[]
[1,3,4,5,7,9,10] []
[3,5,7]
[]
[1,5,8,9,10]
[]

Section 3:
Routes

Section 2: Quantity of
Dry tons

WS

Switchgrass Dry Tons

CS Dry Tons WS Dry Tons

[]
[0,0,3995,0,0,1306,51523,0,0,31285]
[]
[0,0,0,0,0,0,0,10,30885,43710]
[1,2] []
1 []
[1,2] []
[1,2] []
[]
[41428,0,0,0,0,0,0,55338,0,0]
[]
[0,0,0,6083,0,30552,7552,0,0,32737]
[]
[0,0,0,0,0,51059,38173,0,0,0]
[]
[506,0,35048,23389,809,0,199,0,11,44889]
[]
[0,0,50791,0,10,0,3519,0,0,31054]
[]
[36079,0,0,0,19289,0,0,1,35333,1277]

Switchgrass Transp.

Section 4:
Residue

WS
CS
Trans

[]
[]
[] [] [0,2] [] [] [0,2] [0,1] [] [] [0,2]
[]
[]
[] [] [] [] [] [] [] [0,2] [0,1] [0,2]
[1,49250]
[58547,459]
[0,1] [0,1]
[40349,59289] [683,0]
[0,1] [0,2]
[37114,964] [36992,3864]
[0,1] [0,1]
[1,47508]
[286,54614]
[0,1] [0,1]
[]
[]
[0,1] [] [] [] [] [] [] [0,2] [] []
[]
[]
[] [] [] [0,1] [] [0,1] [0,1] [] [] [0,2]
[]
[]
[] [] [] [] [] [0,1] [0,2] [0,1] [] []
[]
[]
[0,1] [] [0,1] [0,1] [0,1] [] [0,1] [] [0,1] [0,2]
[]
[]
[] [] [0,1] [] [0,2] [] [0,2] [] [] [0,2]
[]
[]
[0,1] [] [] [] [0,1] [] [] [0,1] [0,2] [0,1]

R

[0,2] [0,1]
[0,2] []
[0,2] [0,1]
[0,1] [0,2]

Figure 5 4. Representation of the Chromosome and the sections.

Step 2. Selection
Through generations a proportion of the population is selected to reproduce and
create a new population. During the selection process, the fittest individuals are given a
higher probability above others. The fitness of an individual is determined by the
objective function defined by the problem being analyzed. Several methods could be
chosen when selecting the parents of the next generation, the popular and widely used
selection methods include the following: random selection, roulette wheel, rank selection,
and tournament. Within the random selection, the parents are chosen completely
randomly whereas in roulette wheel individuals are given some probability depending on
their fitness in comparison to the sum of all chromosomes fitness. In the last selection
method mentioned, individuals with better objective have more probability to be selected.
The figure below shows how the percentage is given to each of the chromosomes in the
roulette wheel selection.
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3
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Figure 5.5 Roulette wheel selection method.

Individuals are ranked in order to select the top ranked solutions as future parents. On the
other hand, for the tournament selection, two individuals are selected randomly, and the
individual with the better objective value wins the tournament.

Figure 5.6. Description of Tournament Selection Method.

Step 3. Crossover
Selected parents will create a new generation and population of individuals
(solutions). Parents will recombine to create offspring, this combination process is known
as crossover. Reproduction can be achieved through different types of crossover, such as,
single-point, double-point, uniform crossover or segment crossover. The suitability of the
method chosen for the reproduction process depends highly on the type of problem and
its encoding. A visual demonstration of the different types of crossover is given by the
figure below.
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Figure 5.7. Types of Crossover.

Step 4. Mutation
Within the reproduction process, some individuals of the new population
generated undergo a mutation process. This mutation process avoids falling into a local
optimum and allows entering of variation in the solutions. Usually mutation is taken into
consideration with a very small percentage.
Step 5. Termination
This process of generating new solutions is done repeatedly until the stopping
criteria is met. The termination condition can be either a solution that satisfies a specific
criterion, a predetermined number of generations, or when the algorithm has reached a
steady state and it is no longer evolving.

5.2

Developed Multiple objective optimization algorithm
Considering only one objective to be evaluated, a problem can be useful for terms of

simplicity whereas it is far from a comprehensive description of the real problem. Most of realworld problems involve simultaneous optimization of several objectives which often have
conflict among each other.

Some examples of the conflicts are having maximization and
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minimization objective forms as well as solutions expressed in different units. Usually, there is
no single optimal solution, but instead a set of alternative solutions can be found. These
alternative solutions are considered optimal since no other solutions in the search space are
superior to them when considering all objectives. In other words, optimal solutions are integrated
by solutions that are not dominated by any other solutions, making possible the existence of
different tradeoffs between objectives (Zitzler et al., 2002). These optimal solutions are known as
Pareto-optimal solutions, and the set of these solutions is denoted as the Pareto-optimal set.

An illustration of conflicting objectives could be when the maximization of an objective
involves maximizing another objective that it is aimed to be minimized, for example, when
trying to minimize cost and maximize efficiency, it is most probable that the cost will increase as
efficiency increases, therefore a conflict will be found and a decision will have to be made based
on which of the two objectives has a greater weight of importance to the designer.

Analyzing and solving problems with conflictive objectives usually requires the role of a
decision maker who can express preference relations between alternative solutions. Knowledge
about this set aids the decision makers in choosing the best solution according to their preference
and weights given to each of the objectives being evaluated. The Pareto-optimal set can help in
reducing the design space alternatives from a feasible region on to optimal trade-offs (Zitzler &
Thiele, 1998).

A multiple objective optimization problem is expressed by a number of objectives and
several inequality and equality constraints. The mathematical expression could be written as
follows:
Minimize/Maximize fi(x) for i=1, 2,…, n
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Subject to:
g(x)≤0

(5.1)

h(x)=0
Where, f(x) stands for each of the objective functions whether being minimized or
maximized and the subscript i representing the actual objective function until n total
number of functions. The constraints which define the feasible region, are represented in
the form of g(x) for the inequalities and h(x) for the equalities. Moreover, the decision
variables are represented by x.

5.2.1 Multiple objective evolutionary algorithms
Finding the solution of problems involving several objectives that have to be satisfied
simultaneously is challenging to solve. The main characteristics in multi objective problems are
that objectives are in conflict and the search space is highly complex. Many research has
proposed different models to obtain Pareto Optimal solutions. Such as in single objective
optimization, genetic algorithms have been proposed to solve multi objective optimization as
well. Genetic algorithm is a probabilistic search algorithm based on the mechanics of natural
selection and natural genetics. Evolution in a genetic algorithm is considered as a process in
which possible solutions evolve into better solutions through generations. Several evolutionary
algorithms differ from each other in their techniques to achieve diversity in the population. For
evolutionary algorithms achieving diversity is crucial to obtain a good set of solutions.
Therefore, different fitness assignment methodologies have been implemented in multi objective
evolutionary algorithms. Some of the most common methods found are: the strength Pareto
evolutionary algorithm (SPEA), the Pareto archived evolution strategy (PAES), non-dominated
sorting genetic algorithm (NSGA-II), multi objective evolutionary algorithm based on
decomposition (MOEA/D).
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A multi objective evolutionary algorithm based on decomposition was proposed
(MOEA/D). This method first uses a decomposition method to decompose the multi objective
problem (MOP) into a number of scalar optimization sub problems, and optimizes them
simultaneously by utilizing the evolutionary algorithm (EA). The optimization of the sub
problem occurs by utilizing the current information from its neighboring sub problems since the
two neighboring sub problems should have close optimal solutions. It solves this sub problem by
evolving a population of solutions. Results involving this method have demonstrated that multi
objective algorithm based on decomposition performs or outperforms similarly to multiple
objective genetic local search (MOGLS) and non-dominated sorting genetic algorithm (NSGA).
Zhang demonstrated that a combination of mathematical programming methods introduced into
evolutionary algorithm are very successful in scalar optimization problems (Zhang & Li, 2007).

The nondominated sorting genetic algorithm II (NSGA-II) was proposed as a multi
objective evolutionary algorithm that alleviates three of the most criticized factors of using
evolutionary algorithms such as computational complexity, the nonelitism approach, and the
need for specifying a sharing parameter. In order to obtain the first nondominated front each
solution is compared with every other solution in the population to find out if it is dominated.
This will give the first non-dominated front, after having this done, in order to find the
individuals in the next non-dominated front, the solutions of the first front are hidden temporarily
and the procedure mentioned above is repeated. After having the solutions, two calculations are
required which are: domination count, which records the number of solutions which dominate
this specific solution and a set of solutions that the solution dominates (Taboada & Coit, 2012).
The Pareto Archive Evolution Strategy (PAES) aims to achieve two main objectives. One
objective is that the algorithm should be strictly confined to local search, for instance it should
use a small change operator, allowing it to move from a current solution to a close by neighbor.
The second objective is for the algorithm to be a true Pareto optimizer by treating all nondominated solutions as having equal value. In some cases this is problematic because when
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comparing pair of solutions neither one will be dominated by the other. PAES overcomes this
problem by maintaining an archive of previous non-dominated solutions, then this archive is
used as the form of estimating true dominance ranking of pair of solutions. Knowles concluded
that when used to address the multi objective form of the offline routing problem, (1+1)-PAES
provided result extremely competitive with a MOEA in each case (Kowles,1999).

The strength Pareto evolutionary algorithm (SPEA) is similar to others in storing the
pareto-optimal solutions found so far, uses the concept of Pareto dominance and performs
clustering to reduce the number of non-dominated solutions stored. On the other hand it differs
from others in that it combines those three techniques in a single algorithm, the fitness is
determined from the solutions stored, avoiding dominance in population, and all solutions in the
external pareto set are considered for the selection (Zitzler & Thiele, 1998).

The proposed Multiple Objective Evolutionary Algorithm has two main evaluating goals:
proximity and diversity. The algorithm uses a genetic algorithm based on rank selection and
elitist reinsertion. A thorough description of each of the stages of the algorithm is given on
Section 5.2.2.

5.2.2 Multiple objective evolutionary algorithm description
Finding the solution of problems involving several objectives which have to be
simultaneously satisfied can be difficult to solve. The main characteristics of multi objective
problems are the following: the objectives are in conflict and the search space is highly complex.
Comprehensive research is being performed about the different models to obtain Pareto optimal
solutions. In order to solve the second case scenario a multiple objective evolutionary algorithm
MOEA was taken from the literature. The proposed multiple objective evolutionary algorithm
aims to achieve two main evaluating goals such as proximity and diversity (Taboada & Coit,
2012). Proximity is wish because it represents the closeness to the Pareto front, and diversity
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that has the objective of maintaining population diversity. These two goals are evaluated with
two fitness metrics which are distance-based (diversity), and dominance count-based
(proximity). The steps followed in this algorithm are explaining in detail below and a flow chart
of the process it is also showed for a better understanding.

Figure 5.8 Multiple Objective Evolutionary Algorithm.

Step 1. Initialization
An initial population is created randomly. Commonly this type of problems
started with hundreds of initial solutions to extend the reach area. It is randomly created
in order to found different research areas good for diverse optimal Pareto solutions.
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Step 2. Dominance count
The initial solutions are evaluated by checking the Pareto dominance criterion.
The dominated solutions are eliminated in an attempt to achieve proximity to the True
Pareto front. The Pareto criterion is initiated with the dominance count. The dominance
count represents the number of solutions dominated by each individual. For terms of
generality, all objectives have to be written in the minimization form. In case that one
objective is in the maximization form, the objective function is multiplied by negative
one to achieve a conversion onto a minimization problem as shown in the tables below.

Table 5.1. Conversion onto minimization objective.

Population Profit Emissions
4-6-9-3-1

123

1523

2-1-3-4-7

234

1815

7-2-1-3-5

120

2052

=

Population Profit Emissions
4-6-9-3-1

-123

1523

2-1-3-4-7

-234

1815

7-2-1-3-5

-120

2052

Step 3. Pareto Dominance
After normalization of the objective functions a dominance count operation is
performed and dominated solutions are removed.
Table 5.2.Dominance count.
Population

Profit

Emissions

Dominance
count

4-6-9-3-1

-123

1523

1

2-1-3-4-7

-234

1815

1

7-2-1-3-5

-120

2052

0
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Population

Table 5.3. Dominated solution removed.
Profit
Emissions
Dominance
count

4-6-9-3-1

-123

1523

1

2-1-3-4-7

-234

1815

1

Step 4. Fitness assignment
Our developed MOEA has two main goals. Proximity which represents the
closeness to the Pareto front, and diversity that has the objective of maintaining
population diversity as explained in Taboada & Coit, 2012. These two goals are
evaluated with two fitness metrics which are distance-based (diversity), and dominance
count-based (proximity).

Step 4.1 Fitness Metric 1: Distance-based, f1(i)
This fitness metric gives highest fitness to those solutions that are farther away
from other solutions in the Pareto front, giving those solutions a higher probability to be
chosen for later reproduction. With this fitness function is aimed to maintain diversity of
the Pareto-optimal solutions.

Several steps are followed to assess this fitness metric:
a) Normalization: Each objective‟s solution is normalized according to equation
5.2. Any discrepancies with the units is aimed to be eliminated by normalizing
the values.
𝑓𝑖𝑚𝑖𝑛 =minimumvalue in the nondominated set
𝑓𝑖𝑚𝑎𝑥 =maximum value in the nondominated set
𝑓𝑖(𝑥) =value in the nondominated set

( )

(5.2)
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Table 5.4. Normalization

b) Distances: Euclidean distance between each solution to the rest of the solutions is
calculated and a summation of all distances per solution is computed. The
maximum and minimum are obtained to determine the intervals to categorize the
solutions. Father away solutions are given the highest fitness to ensure diversity.
Table 5.5.Solution’s distance
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Step 4.2 Fitness Metric 2: Dominance count-based, f2(i)
The second fitness metric is based on the dominance count concept. The second
fitness aims to select those individuals which dominated more solutions, in an attempt to
achieve proximity to the true Pareto front.
Table 5.6. Dominance count fitness value.

Step 4.3 Aggregated Fitness Metric
The two different fitness metrics are then aggregated assigning equal weight to
each of the fitness metrics aiming to achieve proximity and diversity, which are two of
the most common desirable characteristics in MOEAs.
Table 5.7. Aggreated Fitness Value.
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Step 5. Selection
Through generations a proportion of the population is selected to reproduce and
create a new population. The selection method implemented is tournament.
Step 6. Crossover
Selected parents will recombine following a segment crossover to create the new
population individuals.
Step 7. Mutation
A small percentage of the population falls in the mutation process to avoid local
optimal solutions.
Step 8. Termination
Process is done repeatedly until the stopping criterion is met. The number of
generations had been passed or the algorithm is no longer evolving.

5.3 Modified Multiple Optimization Evolutionary Algorithm MOEA
The Multiple Optimization Evolutionary Algorithm MOEA has good performance given
two objectives in conflict, but its implementation in a problem with most parallel objectives
resulted with few solutions in the Pareto front and far away each other. Trying to deal with this a
Modified Multiple Optimization Evolutionary Algorithm was proposed. It was based in the
KMeans clustering algorithm (MacQueen, 1967) and Non- Dominated sorting genetic algorithm
II (NSGA-II) (Deb et al., 2002).

K-means was first introduced by James MacQueen in 1967 (MacQueen, 1967), but the
algorithm was first present by Stuart Lloyd in 1957 (Llyod, 1957) as a technique for pulse-code
modulation. This is a clustering technique that aims to find groups of observations with similar
characteristics. Solutions should be similar to other observations of the group, but different as
much possible from the observations of other groups. Euclidean distance theory was used to
determine distance between the solutions. This with the aim of maximizing inter-cluster variation
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and minimize intra-cluster variation. This grouping technique is another example of
unsupervised data mining.

This algorithm as all have no guarantee of finding the optimal solution and a bad
selection of centroids can resultant in a poor grouping. You can restart the algorithm several
times from different points and keep the best solution. In turn, the optimal number of clusters
affects so Silhouette analysis is used to obtain the optimal number of clusters according to the
nature of the problem. Another conflict that arises is the units in which the variables are
measured because any algorithm that is based on distances is affected by this, as also the
presence of outliers. The main advantages of KMeans clustering algorithm are that it is fast and
can be applied to relatively large bases of data. It is economical in storage requirements, since
only need to save the centroids k.

Deb et al. (2002) proposed replace the sharing function used in originally NSGA to
preserve diversity, with a crowded-comparison approach to deal with the difficult of the sharing
function; complexity and user-definition of parameters.

The Modified MOEA continues with the MOEA process proposed by Taboada et al. as
the first phase but introducing the storage of the new generations to avoid the loss of nondominate solutions close to Optimal Pareto Front. A second phase to create diverse solutions in
the areas of cavity is proposed to perform a crossover and mutation process to achieve it, using
KMeans clustering to determine the cluster (families) to perform a crossover between groups and
crowding distance as the fitness value for the selection phase. This two phases are proposed to
reach diversity and avoid holes.
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5.3.1 Modified MOEA Description
The proposed algorithm is divided in two phases, modified Genetic Algorithm and
clustering recombination, the main objectives of this modified is to reach a diversity in the Pareto
Front. The conflicts faced with the implementation of the Multi Objective Evolutionary
Algorithm, apply for two objective problem, in the case study of multi objective optimization
having a majority of objectives parallel, issue in few and isolated solutions. To treat these
conflicts a Modified Multi Objective Algorithm was proposed and explain in this section.
Several steps are followed in the Modified MOEA and the following flow diagram presents it
graphically.

Figure 5.9. Modified Multi Objective Evolutionary Algorithm.
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Step 1. Initialization and objective evaluation (constraint satisfaction)
An initial population is created randomly to extend the starting research space. Initial
solution are created randomly and satisfaction to the constraint stated on the
mathematical models as to be fulfilled, in case a solution does not satisfied the subjection
it is eliminated and a new solution is formulated randomly and tested to substituted it.
Objective function in a multi objective problem is formed by several objectives and
solutions have to be evaluated in each objective. Commonly the initial population is
composed by hundreds of solutions. Number of iteration is establish in this phase as the
stopping criteria, N.

Step 2. Multi Objective Evaluation
These steps are based on the Multi Objective Evolutionary Algorithm proposed by
Taboada and Coit (2012). The solutions are evaluated to check non-dominance criteria
and theses individuals are weight with two fitness metrics; distance based and
dominance-count base.
2.1 Dominance count and Pareto Dominance
Each solution has to be checked for the Pareto dominance criterion. Dominance solution
represents a solution that has one or more options better that it in all objectives. In case
that a solution is dominance, it is eliminated to ensure the proximity to the True Pareto
Front. Before the elimination of dominate solutions, dominance count process is
performed which consisted in the numbering of the solution dominated by each
individual.
2.2 Fitness assignment
This algorithm considers two objectives: proximity and diversity and to evaluated the
nearness to them, two fitness values are assigned to each solution: distance and
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Dominance count-based, respectively. The process of assignment of fitness is explained
in detail below.
2.2.1 Fitness Metric 1: Distance-based, f1(i)
The objective of this fitness is created diversity, as result solutions father
away from others received a higher value in this metric to encourage that they will
be selected for reproduction and obtain new solution between distant solutions.
Several steps of the assignation of the distance-based are expound.
a) Normalization. Multiple Objective problem has many challenges and the use
of different units for each objective represent one. Normalization of the
objectives values is made to avoid this conflict. Objectives are normalized
according to equation 5.3.

( )

5.3

Where:
𝑓𝑖𝑚𝑖𝑛 =minimumvalue in the nondominated set
𝑓𝑖𝑚𝑎𝑥 =maximum value in the nondominated set
𝑓𝑖(𝑥) =value in the nondominated set

b) Distances. As mentioned before solutions remote obtain a higher value to
encourage diversity. To assign the fitness value based on the distance between
it and others, a Euclidean distance is access.
c) Fitness metric value. Each solution received a fitness according to the distance
value obtained. The distances resulting are divided in ranges and depending
on its ranges, the individual obtain its fitness.
2.2.2 Fitness Metric 2: Dominance count-based, f2(i)
Non-dominance individuals are the ones that cross to this phase of fitness
assignment, in step 2 each individual counts the amount of solutions dominated
by it. The MOEA expects to reach proximity to the True Pareto front and nondominance count represents a fitness metric to ensure it. Solutions with high
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domination obtained a large fitness value. This process is divided in few steps.
First, solutions take the dominance count number from step 2.1 as the dominance
value. Second, the higher and lower dominance count are considered to obtain the
ranges. Finally, each solution received to the fitness value 2 according to the
range it bellows.
2.2.3 Fitness Aggregation
Fitness values 1 and 2, distance and dominance count based, are aggregated to
result in the total fitness of the individual. This value, replaces the objective value
as the decision parameter for selection and crossover procedures. Because, fitness
value is the worth of closeness to the MOEA„s objectives; diversity and
proximity.

Step 3. Elitism and selection
Before start the crossover process, an elitism factor is introduced to ensure continuous of
better solutions to the next generation. According to the elitism factor a small part of the
solutions are transport directly to the new population solutions. Individuals have to be
order in descending order and top solutions are the ones following the elitism step. After
this process, entire population is subject to a tournament selection procedure, to choose
the parents solutions which are going to be assigned to crossover step, to create a new
population of solutions.
Step 4. Crossover
Parent solutions combined a segment of their chromosome, to create new solutions, with
the expectancy that these obtained are closes to the True Pareto Front. The process is
performed continuously until the same number of initial solution is reached with new
individuals, considering the solutions selected in the elitism step. Individuals are assess
in satisfaction to constraints and objective functions, similarly as initial population.
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Step 5. Mutation
Mutation is introduce in evolutionary algorithms to encourage extension of the research
space, due to the crossover is realize between individuals and the new individuals
resulting can be in the same area and it represent one of the weakness of these algorithm.
Mutation is establish as one point mutation, which is the change in one point of the gen.
Step 6. Solution storage
Solutions obtained are recorded each iteration to avoid loss of non-dominate solutions.
Each loop, the solutions created in the crossover step are stored in an external variable,
and at the termination these solutions are run by the multi objective evaluation and the
Pareto front solutions are obtained,n2. In the elitism and crossover process, only elitism
solutions continue to the next generation and all the solutions are combined to create new
ones, this result in the loss of solutions that can be part of the Pareto Optimal solutions.
Storage new generation‟s solutions get rid of the problem.
Step 7.Termination
Multiple objective evaluation, selection crossover and mutation steps are followed
continuously until the stopping criteria has been achieved. Iterations number reached is
one of this criteria, the algorithm developed the number of interaction establish by the
user at the initialization step.
Step 8. Silhouette analysis
In the second phase, a similar process to the GE‟s crossover is performed, but in this
instance the parents come by different clusters, with the goal of create diversity in the
solutions and reduce empty spaces in the Pareto front. To determine the optimal number
of clusters to order the non-dominated solutions obtain in the first phase of the algorithm,
silhouette is adopted. Silhouette analysis was developed to select the number of cluster on
KMeans clustering. It is an iterative analysis, it study the separation distance between the
resulting clusters, assigning values in the range of -1 to 1. 1 represents a large distance
between an individual to the neighboring clusters, 0 means it is close to the decision
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boundary between two neighboring clusters, and -1 indicates solution have been assigned
to the wrong cluster. At the end of the iterative process the optimal number of clusters to
operate KMeans clustering, k.
Step 9. KMeans clustering
After, the optimal number of clusters is obtained to divide the solutions, KMeans
clustering process is executed. KMeans performs a partition of the individuals n2 into k
clusters in which each observation belongs to the cluster with nearest mean, this process
is iterative and means change across each iteration until stopping criteria is reached.
(Lloyd, 1957) Clusters are similarly to the families between crossover process is going to
be developed. KMeans clustering is performed with the following steps:
a) Initialization: take a k observations of the entire population randomly, to be the initial
centroids. If a bad selection of the initial centroids is made, it can result in a poor
grouping.
b) Clustering: Calculated the Euclidean distance of the remaining individuals and each
centroid. The smallest distance resulting for each solutions determined the cluster of
membership.
c) New centroids: When all solutions has been already assigned to a cluster, new
centroids are calculated for each cluster. They are the new means of the observations
in the new clusters.
5.4
d)Finalization: This process is iterative and stop when not new resignation are required.

Step 10. Crowding distance fitness
Crowding distance is calculated between the neighbor individual of each clusters in the
system. Crowding distance fitness is assigned to the solutions to aim the diversity of
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solutions between clusters, to reduce space between them. (Deb et al. 2002)

The

crowding distance fitness value is assigned following some steps:
A) Normalization: Each objectives have different metrics and normalization alleviate it.
b) Sorting: solutions are sorted in each objective according to closeness to it.
c) Objective crowding distance: crowding distance is calculated for each objective first.
Boundaries solutions, far and close to the objective received a value of ∞ and -∞,
respectively. Distance of intermediate individuals is based on the absolute difference of
two neighbors for each side, according to the equation 5.5.Continue with this process for
each objective function.
5.5
d)Overall crowding distance: To obtain the total overall distance of one solution, the
objectives‟ crowding distances have to be added together (equation 5.6). This total
distance is going to be the fitness value of the individual.
∑
Step 11. Crossover
Crossover process is similarly to the step 4, at difference that the parent solutions to
recombine a section of its chromosome is taken by different clusters (family). First,
randomly are selected two families and then in each cluster a tournament selection
process is performed, but taking as a worth value the crowding distance fitness value.
Segment recombination is realized and new individuals are retrieved. The new solutions
are evaluated to check satisfaction to constraints and evaluate the objectives functions.
Step 13. Termination
The algorithm iterative process of this second phase passed by an n loops times,
according to the users establish at the initialization step.
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5.6

Chapter 6. Numerical Examples
To analyze the performance of proposed algorithm in each of the case studies, a
numerical example was taken from an extended literature review. The numerical example used in
“Logistics System Design for Biomass-to-Bioenergy Industry with Multiple Types of
Feedstocks” by Zhu & Yao in 2011, was used to test the algorithms in three different scenarios:
single objective optimization (maximize total annual profit), two multiple objectives (maximize
profit and minimize global warming potential) and finally four multiple objectives (maximize
profit and minimize global warming, acidification and eutrophication impacts).

The

mathematical formulation was developed considering a multiple feedstock logistics system
where three different types of biomass are employed in the production of bioethanol which are
switchgrass, corn stover, and wheat straw, in the figure above is illustrated the geographical
layout where Fi, Wi, and Si represented the location of switchgrass, wheat straw and corn stalk
fields, respectively. The system is composed of two biorefineries, ten production fields of
switchgrass, three intermediate warehouses, and two fields of corn stover and two of wheat straw
each which serve as suppliers for non-harvesting periods of switchgrass, which gives a total of
14 fields to analyze. The operations period consist of a one-year period and only two
transportation modes are considered for the analysis; train and truck.

The central management is responsible only for the harvesting of switchgrass, whereas
corn stover and wheat straw are purchased from an external supplier. Although corn stover and
wheat straw have their own harvesting periods, one of the assumptions made is that both type of
biomass can be bought at any time of the year if available. Switchgrass harvesting months are
January, February, July, August, September, October, November, and December. During the
months of March, April, May, and June corn stover and wheat straw will be bought to replace the
lack of switchgrass production. Switchgrass harvesting will be conducted through harvest units
composed of 10 laborers, nine tractors, three mowers, three rakes, three balers, and a field
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transporter. Only one mode of transportation is used at a time, and train is preferred over truck
when rails are available, because of its cost efficiency. Therefore, an assumption made in the
model is that biomass is transported by train when possible otherwise truck will be the second
alternative. Both biorefineries are assumed to be opened throughout the year period due to its
high cost for closure and opening, which will increase the total operation cost. Each biorefinery
process the three different types of feedstocks, depending of the month and the biomass in store
(Zhu & Yao, 2011).

Two types of warehouses are taken into consideration which are the intermediate
warehouse and the in biorefinery warehouse; since, both corn stover and wheat straw are
obtained from outside of the system they cannot be stored in the intermediate warehouses,
therefore these two biomass types are transported directly onto the biorefinery warehouse. By the
end of the month the stored biomass is processed at the biorefinery. The residue left from the
processing of bioethanol is sent back to the switchgrass fields. This residue can be used as
fertilizer for the fields in order to preserve the quality that is needed in the soil to produce more
switchgrass. The transportation network considered in the design of the system follows a
structure where the tons of biomass can be transported from any of the switchgrass fields to the
intermediate warehouse and finally to the biorefinery. On the other hand it can also be
transported from any of the fields directly to the biorefinery. The figure below provides a graphic
illustration of the flow.
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Figure 6.1. Geographical layout.

6.1 Single Objective model
Based on the above assumptions and notations the following logistics systems were
established. The model objective for the single objective optimization problem is to maximize
the total annual profit.
max R- ∑

6-1

Where R is the revenue produced by the biofuel generating system.
∑ ∑∑

6-2

Where Gmbl are the gallons of biofuel output from biomass l at bio-refinery b in month m.
The total annual cost is represented by ∑

taking into account the following costs:

C1-Processing Cost
6-3

∑ ∑∑

Where DTmbl are the dry tons of biomass l processed at bio-refinery b in month m;
C2-Feedstock Purchasing Cost

6-4
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∑,

∑

(∑ ∑

(∑ ∑

∑∑

∑∑

)

)-

Where hfm is the dry tons of switchgrass harvested from field i in month m, tsbm1and tsbm2
are the dry tons of biomass transported by truck and train, respectively, to bio-refinery b from
field s month m, and twm1 and twm2 are the dry tons of biomass transported by truck and train,
respectively.
C3-Inventory Cost of biomass and residue
∑ ∑ (∑

6-5

)

Where SClim is the monthly storage cost, BSlim the dry tons of biomass l that are stored at
warehouse i during month m, and RS0im is the dry tons of residue stored at warehouse i during
month m;
C4-Transportation cost by trucks
∑ *(∑ ∑

∑∑

∑∑

)
6-6

∑∑∑

(∑ ∑

∑∑

∑∑

)

∑

+

Where tfim1, tsim1, twim1, tsbm1, twbm1, and tfbm1 are the dry tons of biomass (1-switchgrass, 2stalk, 3-stalk, 0-residue) transported from field f, s, or w to biorefinery b or to warehouse i in
month m by truck;
C5-Transportation cost by train
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∑ *(∑ ∑

∑∑

∑∑

)

∑∑∑

(∑ ∑

∑∑

∑∑

)

∑

+

Where tfim2, tsim2, twim2, tsbm2, twbm2, and tfbm2 are the dry tons of biomass (1-switchgrass, 2stalk, 3-stalk, 0-residue) transported from field f, s, or w to biorefinery b or to warehouse i in
month m by train
C6-Operation cost of warehouses and biorefineries
∑

∑

6-8

Where Yim is a binary variable equal to 1 if warehouse i is open in month m and 0
otherwise, and Zb is a binary variable equal to 1 if biorefinery b is open and 0 otherwise;
C7-Operation Cost of harvest units
6-9

Where HU is the number of harvest units.
6.1.1 Model constraints
This model is subject to constraints that need to be taken into account when calculating
the optimal objective function.
Land Constraint

∑

6-10
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∑

∑

Land constrains (10) limits production in field f, s, and w.
Production Capacity
6-11

∑

Production capacity constraint (11) provides an upper limit on the feedstock amount of
all types of biomass that can be processed at each biorefinery in each month.
Storage Capacity
6-12

∑

The storage capacity constraint (12) on warehouses sets the limit on the biomass
feedstock and residue that can be stored at the different types of warehouse locations. However,
this limit is only for intermediate and in-biorefinery warehouses; since in-field warehouses are
assumed to have an infinite capacity.
Safety Inventory level on the total biomass feedstock
Minimum processed biomass feedstock
∑

6-13

Constraint (13) imposes a safety inventory level on the minimum processed biomass
feedstock in each biorefinery to avoid unexpected interruptions of biomass supply and biofuel
production.
Minimum biomass inventory in biorefineries
∑
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6-14

Constraint (14) imposes a safety inventory level on the minimum stored biomass
feedstock in each biorefinery to avoid unexpected interruptions of biomass supply and biofuel
production.

Harvest Capacity Constraint
∑

6-15

Harvest capacity constraint (15) provides a limit in what can be harvest.
Decision Variables:

*

+

6-16

6.2 Multiple objective model
To consider a second objective, which it is the minimization of GWP to 100 years effect
emissions, it is solved simultaneously the maximization of total annual profit and the
minimization of global warming potential.

Minimization of Global Warming Potential (measured in kg of CO2 equivalents)
∑

∑

∑

∑

6-17

Where:
Ghl= GWP of biomass type l (1,2,3) calculated over a period of 100 years of each
emission obtained during the harvesting process h
Gpl= GWP of biomass type l (1,2,3) calculated over a period of 100 years of each
emission obtained during the ethanol production process p
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Gtk= GWP calculated over a period of 100 years of each emission obtained while
transporting Xlm by truck or train (k= 1 or 2)
Xlm= Tons of biomass l (1,2,3) processed per month m
Xrm=Tons of residue r generated per month m
d= Distance traveled in miles
In the third case scenario for which the modified MOEA was developed, integrating two
additional impact categories acidification and eutrophication, solving in total four objectives in
conflict: maximize the total annual profit, minimize global warming, acidification and
eutrophication. The additional objective formulations are:
Minimization of Acidification Potential (measured in kg of SO2 equivalents)
∑

∑

∑

∑

6-18

Where:
= AP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the harvesting process
= AP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the ethanol production process
= AP calculated over a period of 100 years of each emission obtained while
transporting

by truck or train (k= 1 or 2)

Tons of biomass (1,2,3) processed per month m
Tons of residue r generated per month m
d= Distance traveled in miles

Minimization of Eutrophication Potential (measured in kg of phosphate equivalents)
∑

∑

∑

Where:
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∑

6-19

= EP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the harvesting process
= EP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the ethanol production process
= EP calculated over a period of 100 years of each emission obtained while
transporting

by truck or train (k= 1 or 2)

Tons of biomass (1,2,3) processed per month m
Tons of residue r generated per month m
d= Distance traveled in miles
6.3 Encoding
As presented in section 5.1.1 in order to develop this model a chromosome was created
as a representation of a possible solution. Integer encoding was chosen for the structure of the
possible solution according to the problem being approached.

The chromosome is composed of 12 rows representing each month of the year.
Moreover, the chromosome is divided in four sections; the first section, composed of column 1
through 3, determine which fields will be available in month m where m=1, 2… 12 for each type
of biomass feedstock (l). The second section, columns 4 through 6, specifies the amount of dry
tons harvested at each of the available fields for switchgrass fields and the amount of dry tons
bought from corn stalk and corn straw fields. The third section formed by columns 7 through 9
provide specific routes that need to be followed in order to deliver the biomass to one of the two
biorefineries considered in the model. The route has [x,y] where x represents if the biomass was
transported to a warehouse. Where, 0 represents that it was not transported to an intermediate
warehouse, 1 represents that it was transported to intermediate warehouse number 1, 2 represents
that it was transported to intermediate warehouse number 2, and 3 represents that it was
transported to intermediate warehouse number 3. Also, y represents to what biorefinery the
biomass was transported. Where, 1 represents biorefinery number 1, and 2 represents biorefinery
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number 2. The last column is the last section of the chromosome which provide the number of
the field to which the residue will be re-circulated, considering only switchgrass fields. A
representation of an actual chromosome is given by figure 6.2 specifying each of the sections
mentioned above.
Section 2: Quantity of
Dry Tons

Section 1: Fields
Open
Switchgrass

Cornstalk Wheat Straw

Switchgrass Dry Tons

Section 4:
Residue
Recirculati
on

Section 3: Routes

Corn stalk Dry Tons Wheat Straw Dry Tons Switchgrass Trans. Corn Stalk Trans. Wheat Straw Trans.

[5,6]

[]

[]

[0,0,0,0,47556,58837,0,0,0,0]

[]

[]

[4,6,7,9]

[]

[]

[0,0,0,1,0,50087,3451,0,44377,0]

[]

[]

[]

[1,2]

[1,2]

[]

[47248,49462]

[1,9902]

[]

[1,2]

[1,2]

[]

[36386,35727]

[2750,15100]

[]

[1,2]

[1,2]

[]

[12080,55284]

[47892,10]

[]

[2]

[1,2]

[]

[0,57448]

[45787,437]

[3,10]

[]

[]

[0,0,41663,0,0,0,0,0,0,52992]

[]

[]

[1,3,4,5,6,7,8,9,10]

[]

[]

[12,0,1,43464,2453,77,732,15779,34126,23291]

[]

[]

[1,6,7,8,10]

[]

[]

[2042,0,0,0,0,1794,55549,8338,0,51439]

[]

[]

[3,5,6,10]

[]

[]

[0,0,49906,0,3846,0,8399,0,0,0,54068]

[]

[]

[1,5,10]

[]

[]

[57040,0,0,0,36667,0,0,0,0,12433]

[]

[]

[1,3,5,7,8,9,10]

[]

[]

[3831,0,7291,0,57728,0,2864,33082,422,1282]

[]

[]

<1x10 cell>
<1x10cell>
[]
[]
[]
[]
<1x10cell>
<1x10cell>
<1x10cell>
<1x10cell>
<1x10cell>
<1x10cell>

[]
[]
<1x2>
<1x2>
<1x2>
<1x2>
[]
[]
[]
[]
[]
[]

[]
[]
<1x2>
<1x2>
<1x2>
<1x2>
[]
[]
[]
[]
[]
[]

Residue

6
5
5
6
10
8
9
8
6
4
5
2

Switchgrass Transportation
Corn Stalk Trans. Wheat Straw Trans.
[]
[]
[]
[] [0,2] [0,1] []
[]
[]
[]
[]
[]
[]
[]
[]
[]
[] [2,2] [] [0,1] [0,1] [] [0,2] []
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[0,1]
[0,2]
[0,1]
[0,2]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[0,1]
[0,2]
[0,1]
[0,2]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[0,1]
[0,2]
[0,1]
[0,2]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[0,1]
[0,2]
[0,1]
[0,2]
[]
[] [0,1] []
[]
[]
[]
[]
[] [0,2]
[]
[]
[]
[]
[0,1] [] [0,2] [0,1] [0,2] [0,2] [0,1] [0,1] [0,2] [0,2]
[]
[]
[]
[]
[0,1] []
[]
[]Figure
[] [0,1]
[0,2] [] [0,2] encoding.
[]
[]
[]
[]
6.2[0,1]
Chromosome
[]
[] [0,1] [] [0,2] [0,1] []
[]
[] [0,2]
[]
[]
[]
[]
[0,1] [0,2] []
[] [0,2] []
[]
[]
[] [0,2]
[]
[]
[]
[]
[2,1] [] [0,1] [2,2] [0,2] [] [0,1] [0,1] [0,1] [0,1]
[]
[]
[]
[]

Figure 6.2 Choromose representation.

Essential information of the chromosomes consist in fulfilling the constraints mentioned
in the mathematical formulation from the above section. Land constraint (10) as well as harvest
capacity constraint (15) are considered in the second section of the chromosome. Within section
3, when assigning the routes for the dry tons to be stored, storage capacity constraint (12) needs
to be satisfied. Similarly, production capacity constraint (11), minimum processed biomass
feedstock (13) and minimum biomass inventory in biorefineries (14) are considered in section 3.
Furthermore, once the representation of each the individuals is decided, operators for the Genetic
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Algorithm, Multi Objective Evolutionary Algorithm, and Modified MOEA approaches need to
be selected.

The initial population is first created to initialize the algorithm with a population size of a
hundred individuals representing possible solutions to the problem being analyzed. Setting a
high number of individuals in a population will increase the problem search space, therefore, the
algorithm should be able to better evolve with a wide variety of possible solutions as a starting
point. For the first case scenario with single objective optimization a sensitive analyze is realized
to set the better parameters for the GE.

After an initial population is created, individuals are evaluated based on their
fitness value obtained by the objective function; maximize profit or the objective functions:
maximize profit and minimize environmental impact categories. The individuals are ranked from
best to worse and the best 40% of the population is selected to pass onto next generation intact.
A 0.4 parameter is assigned to elitism to store the best solutions and assure the survival of the
fittest. Consequently, the selection parameter is assigned to be 0.6 corresponding to the
percentage of individuals left in population. Tournament selection method was chosen where two
individuals are selected randomly and the individual with the better objective value wins the
tournament. The winner of the tournament is chosen as a potential parent.

Subsequently, a single point crossover is realized among the two individuals chosen as
potential parents. The crossover is done by randomly selecting an entire row of individual 1 and
another random selection of row for individual 2, a swapping of both rows is realized. From the
combination of both parents two new possible solutions are created. However, not all selected
parents have a matching probability of reproduction, the parameter of crossover probability is
stated to be 0.2. Therefore, a random probability is generated for each match and if the
probability is greater than 0.2, reproduction among both parents is acceptable.
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[1,3,4,5,7,10] []

[2,4,5,6,7]

[]

[4417,0,10981,170,53167,0,58867,0,0,1]

[]

[]

[1,1] [] [1,1] [0,1] [0,2] [] [0,1] [] [] [3,2]

[]

[]

[0,1050,0,13566,36206,3356,48586,0,0,0]

[]

[]

[] [0,1] [] [0,1] [0,1] [0,1] [0,2] [] [] []

[1,3,4,5,7,10] []

[]

[4417,0,10981,170,53167,0,58867,0,0,1]

[]

[]

[1,1] [] [1,1] [0,1] [0,2] [] [0,1] [] [] [3,2]

6

8
6

[]

[1,2] [1,2] []

[41556,41186] [2148,1053]

[0,1] [0,2]

[0,1] [0,2]

1

[]

[1,2] [1,2] []

[8302,50232] [735,40272]

[0,1] [0,1]

[0,1] [0,2]

6

[]

[1,2]

1 []

[34436,44054] [19106,0]

[0,1] [0,2]

[0,1] []

2

[]

[1,2]

1 []

[1585,48706] [52058,0]

[0,1] [0,1]

[0,2] []

10

[1,3,7,8,9,10] []

[]

[147,0,287,0,0,0,1,48773,5597,52949]

[]

[]

[0,2] [] [0,2] [] [] [] [0,2] [0,1] [0,2] [0,2]

3

[1,2,3,7,10]

[]

[]

[58487,861,24,0,0,0,1,0,0,59097]

[]

[]

[0,1] [0,2] [0,2] [] [] [] [2,2] [] [] [0,2]

8

[2,8]

[]

[]

[0,35660,0,0,0,0,0,30293,0,0]

[]

[]

[] [0,1] [] [] [] [] [] [0,2] [] []

1

[1,2,4,9,10]

[]

[]

[517,51771,0,277,0,0,0,0,7346,44690]

[]

[]

[0,1] [0,1] [] [0,1] [] [] [] [] [0,1] [0,2]

1

[2,4,6,8,10]

[]

[]

[0,3261,0,32651,0,42271,0,11334,0,37377] []

[]

[] [0,2] [] [3,1] [] [0,1] [] [0,1] [] [0,2]

3

[4,5,6,7,8,10] []

[]

[0,0,0,612,11913,37089,37074,4711,0,1]

[]

[] [] [] [0,2] [0,2] [0,1] [0,2] [0,2] [0,2] [0,1]

7

[]

Figure 6.3. Single point crossover.

A probability of mutation is also considered in a very small percentage of the individuals
to avoid falling into a local optimum. The mutation parameter considered for the approach is
0.005, meaning that from the new population generated only .5% will undergo the process of
mutation to try to explore a different search space. Mutation is done by selecting randomly
harvesting fields and exchanging the quantity allocated for those fields within the same month.
This chromosome is kept as part of the new generation.

Figure 6.4 Single point mutation.
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Finally, the process of generating new population is done repeatedly until the stopping
criteria is met. Two stopping criteria were specified for this genetic algorithm, the first one a
predetermined number of generations is set to be 100. In addition, if no evolution or difference
greater than 0.001 is observed among the last five iterations, the second stopping criteria is met.
The performance of the algorithms was analyzed including both of the stopping criteria, to
conclude whether if it is suitable to include both at the same time, or each separate, in order to
obtain a better result.

The numerical example considers important limitations in the production capacity of each
of the biorefinery which depends on their size, as well as the storage capacity for each of the
warehouses. The production capacity by month of each Biorefinery (BCAPi) is 120,000 dry
tons/month; this represents a total annual production capacity of 2,880,000 dry tons/year
including both biorefineries. In addition, the expected annual switchgrass yield (YIELD f) is
200,000 dry tons for switchgrass fields F1, F3, F5, F6, F7, F10 and 100,000 dry tons in fields F2,
F4, F8, and F9. The switchgrass yield adjustment factor is Ǿfm =1 in harvest months (m= 1, 2,
7, 8, 9, 10, 11, 12) and Ǿfm =0 in other months. The expected annual stalk (YIELDs) in field S1
is 100,000 and 200,000 in field S2. The expected annual straw is 100,000 in both fields W1 and
W2. Stalk and straw adjustment factor for non-harvesting months of switchgrass is Ǿsm=1 and
Ǿwm=1 (m=3, 4, 5, 6) and Ǿwm=0 and Ǿsm =0 in other months. The total yield of the three types
of biomass is 2,100,000 dry tons/year. The storage capacity (SCAPi) is 200,000 dry tons/month
in all intermediate warehouses and in-biorefinery warehouses it is 60,000 dry tons/month. The
harvest unit capacity is 7,200 dry tons/month. The transportation capacity is unlimited.

Several costs are taken into account when evaluating the objective function which is
maximizing profit. To calculate the total revenue, the sale price of the biofuel (ρ) is $1.8/gallon.
The cost for operating a biorefinery is 10,000,000 per year, for an intermediate and inbiorefinery warehouse is 60,000 and 30,000 per month, respectively. The cost of operating and
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maintenance of a harvest unit is $580,000/year. The storing cost of biomass and residue is $2
per dry ton/month in any of the potential warehouses. The cost of processing for all feedstocks is
$ 50/dry ton. The purchase price for switchgrass is $50/dry ton and $35/dry ton for stalk and
straw. The transportation cost varies for truck is $0.40 per mile/dry ton and $0.04 per mile/dry
ton by train. The conversion rates of the three types of biomass is similar a dry ton can be
converted into 980 gallons of biofuel and 0.01 tons of residues. The factors used are ξ=0.2 and
δ=0.5 and ψ=0.005.

Switchgrass fields

Corn Stover fields

Intermediate Warehouses

Wheat Straw fields

Bio-refineries
Figure 6.5 Supply chain of Biomass-to-Biorefinery.

6.4 Environmental objective
For the environmental phases that is one of the three pillars of sustainability are different
methodologies to assess the environmental impact categories, Life Cycle Environmental
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Assessment of the supply chain of the biomass to biorefinery (cradle to gate) is made using
GABI software and following the next steps presented above:

6.4.1 Goal and Scope Definition
The goal of this study is to provide a measure of different impact categories of the
biomass to biorefinery logistics system. It is worth noting that the results expressed in this study
are relative and not absolute. The present study deals with three types of feedstock switchgrass,
corn stover, and wheat straw. Producing biofuels from lignocellulosic biomass has been
suggested as a way to mitigate the dependence on fossil fuels and the production of greenhouse
gas emissions in the United States. In order to provide a good measure of the burdens the
production of biofuels are causing in the environment three categories will be taken in to
account. The Global Warming Potential (GWP) was calculated over a specific period of a 100
years measured in kg CO2-equivalent, Acidification Potential (AP) is measured in kg SO2equivalent, and Eutrophication Potential (EP) in kg-phosphate-equivalent. A life cycle
assessment (LCA) approach was performed utilizing the life cycle assessment modeling software
GaBi. LCA is a technique to assess the environmental aspects and potential impacts associated
with a product, process, or service.

GaBi software will allow to test the different routes shown in the graphical illustration of
the flow in figure 6.7, thus providing emissions in which the functional unit is the production per
ton of biofuel allowing the previous program generated in MATLAB to solve the different
objectives of maximizing profit and reducing emissions as explained earlier.

6.4.2 System Boundaries
Since the goal of this study is to find environmental impacts for the production of
biofuels, the boundaries are set to be from cradle to grave which is illustrated in figure 6.6. This
includes the processes involved with the farming each feedstock, transporting it to the
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biorefineries, and the biorefinery last process were the production of biofuels takes place. The
system boundaries are set in this manner due to the fact that we are interested in solving what is
the best routes that will provide the less emissions and maximize the profit.

Figure 6.6. System boundaries: cradle to gate.

6.4.3 Inventory Analysis
In every Life Cycle Assessment, it is always ideal to capture each and every relevant flow
but there are always some discrepancies since not always the information is provided. Therefore
in this study several assumptions had to be made in order to provide a good estimate on the
impacts the process is creating.

•

The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation

(GREET) Model, which was developed and is maintained by the Argonne National Laboratory
was utilized. In this database switchgrass farming and corn stover farming were found, and its
respective flows were utilized for the study.
•

GABI software by PE INTERNATIONAL, provides several process and flows

and from this database the process of wheat straw farming, with its respective flows was utilized.
GABI software also provided the source of transportation for this study the truck being utilized is
a Truck-trailer, diesel driven, Euro 4, cargo with a payload capacity of 27 tons.
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•EcoInvent database was utilized to find information relating to the biorefinery for this
process the information provided by (Frischknocht and Jungbluth, 2007) was utilized. The two
required biorefineries are assumed to have the same flows in the production of biofuels.
Based on the above assumptions and data collected the following life cycle assessments
were created. In which figure 10 involves the analysis of the switchgrass farming to the
biorefinery in which a field of switchgrass (F1, F2, F3,..,F10) goes directly either to biorefinery
1 or biorefinery 2.

Figure 6.7. Switchgrass life cycle assessment from farming to biorefinery.

Figure 6.8 shows the analysis of the switchgrass transported to an intermediate
warehouse then to the biorefinery. In this case for the switchgrass there are three available
warehouses the three warehouses have the same flows.

Figure 6.8. Switchgrass life cycle assessment from farming to warehouse to biorefinery.
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Figure 6.9. Corn Stover life cycle assessment from farming to biorefinery.

Figure 6.9 shows the analysis of farming Corn Stover and transporting it to its production
phase, the biorefinery. Figure 6.10 shows the analysis of wheat straw to the biorefinery. The
Corn Stover, and wheat straw analysis no not contain the route of going to an intermediate
warehouse because these crops are bought and can only be deliver directly to the biorefinery.

Figure 6.10. Wheat straw life cycle assessment from farming to biorefinery.

Having set the LCA of the three types of feedstock, in order to provide the emissions of
the routes the only change being made next in the diagram is the distance depending on the
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combination of route options each feedstock can take. The combination of routes that the
feedstock can take to get to the biorefinery is based on the graphical illustration of the flow in
figure 6.5, this illustration flow can better be observed in the geographical layout in figure 6.1.

Several tables were constructed fulfilling each of the possible combination of routes for
each impact category obtained by the life cycle assessment approach. Table 6.1 represents the
values for Global Warming Potential in100 year (GWP) of the entire logistic system. Similarly,
Table 6.2 shows the Acidification Potential (AP), and Table 6.3 the Eutrophication Potential
(EP). The tables are divided into four color, green refers to the total impact resulting from the life
cycle assessment of switchgrass, blue refers to the corn stover impacts and orange to the wheat
straw. The red color identifies the routes considered in the impacts, for instance the switchgrass
produced in field 1 (F1) goes to intermediate warehouse 1 and then biorefinery 1 (W1B1), and in
global warming potential it emits 4870 kg CO2-equivalent. For corn stover, and wheat straw
there seems to be missing data, but that is not the case if we recall these two crops are bought
and can only be sent directly to the biorefinery that is why the only emissions that appear in the
table are the only ones needed. The transportation includes trucks, and train and the following
tables involve these transportations with its respective emissions in which they are utilized.
Table 6.1. Global Warming Potential in 100 years.
F1
B1
B2
W1B1
W1B2
W2B1
W2B2
W3B1
W3B2

F2
4860
5050
4870
5070
5070
5060
4980
5140

F3
4860
5090
4890
5090
5100
5080
4960
5120

F4
4780
4970
4880
5080
4980
4970
4910
5070

F5
4860
4850
5010
5210
4900
4890
4950
5100

GWP 100 YEARS (kg C02 equiv.)
F6
F7
F8
F9
4890
4790
4820
4780
4810
4980
4920
4870
5040
4950
5010
4970
5240
5150
5210
5170
4890
5000
4950
4880
4870
4980
4940
4870
4960
4820
4820
4860
5120
4980
4980
5020
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F10
4850
4810
5040
5240
4860
4840
4900
5050

S1
4970
4780
5160
5360
4960
4940
5000
5160

S2
4450
4660

T1
4500
4410

T2
593
737

802
639

Table 6.2. Acidification Potential.
F1
B1
B2
W1B1
W1B2
W2B1
W2B2
W3B1
W3B2

F2
7.12
7.88
7.18
7.96
7.97
7.91
7.61
8.22

F3
7.12
8.01
7.24
8.03
8.07
8.01
7.54
8.16

F4
6.84
7.54
7.21
7.99
7.63
7.57
7.34
7.95

ACIDIFICATION POTENTIAL (kg SO2- equiv.)
F5
F6
F7
F8
F9
7.11
7.23
6.85
6.98
6.84
7.09
6.94
7.6
7.37
7.18
7.72
7.86
7.5
7.74
7.58
8.5
8.64
8.28
8.52
8.36
7.3
7.26
7.68
7.51
7.24
7.24
7.2
7.62
7.45
7.18
7.48
7.54
6.98
6.99
7.14
8.1
8.15
7.6
7.6
7.75

F10
7.1
6.96
7.85
8.63
7.13
7.07
7.29
7.9

S1
7.56
6.84
8.31
9.09
7.51
7.45
7.7
8.32

S2
0.679
1.52

0.873
0.545

T1
T2
2.06
2.87
2.62
2.24

Table 6.3 Eutrophication Potential.
F1
B1
B2
W1B1
W1B2
W2B1
W2B2
W3B1
W3B2

F2
5.85
6.04
5.86
6.07
6.07
6.05
5.97
6.14

F3
5.85
6.08
5.88
6.08
6.1
6.08
5.96
6.12

F4
5.77
5.96
5.87
6.07
5.98
5.96
5.9
6.06

EUTROPHICATION POTENTIAL (kg phosphate- equiv.)
F5
F6
F7
F8
F9
F10
5.84
5.88
5.77
5.81
5.77
5.84
5.84
5.8
5.97
5.91
5.86
5.8
6
6.04
5.95
6.01
5.97
6.04
6.21
6.24
6.15
6.21
6.17
6.24
5.89
5.88
5.99
5.95
5.88
5.85
5.88
5.87
5.98
5.93
5.86
5.83
5.94
5.96
5.81
5.81
5.85
5.89
6.1
6.12
5.97
5.97
6.01
6.05

S1
5.96
5.77
6.16
6.36
5.95
5.93
6
6.16

S2
3.78
4

T1
T2
3.83 0.737
0.95
3.74 0.883 0.738

The tables above were introduced into the software Matlab in order to use them as
variables in the algorithm. The tables are used to evaluate the emissions produced by each of the
solutions obtained in the algorithm.
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Chapter 7. Results
7.1 Single objective results
In the first case scenario, with the objective of maximize the total annual profit of the
biofuel system from cradle to gate (material extraction to manufacturing), the Genetic Algorithm
was implemented. The algorithm was programed in MATLAB R2014a in a computer with a
processor Intel Xeon X10SLH and a memory of 16 GB. The Genetic parameters used were an
elitism factor of .4, selection parameter of .6, mutation factor of .005, an initial population of
125, and 100 generations. These parameters were tested in a sensitivity analysis to determine the
optimal parameters for this numerical example problem, section 8.2.
The problem as mentioned before, considers three different types of feedstocks and it is
based on annual production, but month by month the algorithm determines the quantities of
feedstock has to be harvested or purchased , stored and processed and from which field,
warehouse or bio refinery. Such as in chapters 5 and 6 presented the solution or individual
initially created and then modified during the algorithm development is built by twelve rows that
represented each month and four main sections which are: fields open, quantity of dry tons,
routes and residue recirculation. Only the months of non-harvesting for switchgrass straw and
wheat fields are considered as alternatives. In the following table the optimal solution fond is
showed, with a total annual profit of $27,630,505. The total gallons produced yearly are
131,585,580 gallons, with a revenue of $ 236,854,044, which represented a unit profit of $0.21/
gal. During the year between the fourteen fields available (10 of switchgrass, 2 of corn stalk and
2 of wheat straw) 1,462,062 dry tons of biomass were harvested or bought. This reflected the
good performance of the Genetic Algorithm in the biomass-to- biofuel logistic problem.
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Month

Switchgrass

1
[1,4,10]
2
[2,3,9,10]
3
4
5
6
7
[1,5,7,9]
8 [1,2,3,4,5,6,7,8,10]
9
[2,3,5,6,8,10]
10
[1,3,4,6,8]
11 [1,2,3,5,6,7,8,9,10]
12
[2,4,7,9,10]

Cornstalk WheatStraw

Switchgrass Dry Tons

Cornstalk Dry Tons WheatStraw Dry Tons

[49121,0,0,9192,0,0,0,0,0,59998]
[0,1,44947,0,0,0,0,0,48120,1]
[1,2]
[1,2]
[1,2]
[1,2]

2
[1,2]
[1,2]
[1,2]

Switchgrass Trans.

Corn Stalk Trans.
Wheat Straw Trans.
Residue

[0,1][][][0,1][][][][][][0,2]
[][0,1][0,1][][][][][][0,2][0,1]

[52119,5753] [0,52317]
[44488,47423] [1,8508]
[1320,51194] [51522,5658]
[1761,52360] [48214,7078]
[1,0,0,0,53318,0,54101,0,3999,0]
[741,1067,1,1,6304,35541,168,1,0,51217]
[0,2479,1695,0,1,55671,0,1,0,38747]
[1423,0,57927,1909,0,1,0,53485,0,0]
[1860,2490,1,0,57286,318,54046,523,1,590]
[0,1121,0,1,0,0,56605,0,40585,12103]

[0,1][0,1]
[0,1][0,2]
[0,1][0,2]
[0,1][0,2]

[][0,2]
[0,1][0,2]
[0,1][0,2]
[0,1][0,2]

[0,1][][][][0,2][][0,1][][0,1][]
[0,1][0,1][0,2][0,1][0,1][0,1][0,1][0,1][][0,2]
[][0,1][0,1][][3,1][0,1][][0,2][][0,2]
[0,2][][0,1][0,2][][0,2][][0,2][][]
[0,1][0,1][0,1][0,1][0,2][0,1][0,1][0,1][0,1][0,1]
[][0,2][][0,2][][][0,1][][0,2][0,2]

Figure 7.1 Solution’s chromosome.

As in the model development presented (Section 6), the feasible solutions are
constrainted to the land restraint for each field. In switchgrass the annual land yield YIELDf is
from 100,000 dry tons (fields 2,4,8,9) to 200,000 (fields 1,3,5,6,7,10) and these can be only
harvested in January, February, July, August, September, October, November, December. In the
other months corn stalk and wheat straw as agricultural residues can be purchased but also
constrained to an annual limit, for stalk the yields YIELDs is between 100,000 (field 1) to
200,000 (field 2), and for wheat straw YIELDw the limit is 100, 000 for both fields. The next
graph shows that the limits are not surpassed and the quantities of each feedstock process month
by month. Furthermore, the harvesting units required by the optimal solution come out to be total
of 20 throughout the year.

Figure 7.2 Monthly biomass’s production by type.
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The algorithm possess two stopping criteria that the generations determined at the
beginning had been passed or that the algorithm does evolve more that 5% of improvement, the
generation‟s state for this problem were 100, but the algorithm stopped at then 22th generation
because it did not evolve more.

Figure 7.3 Genetic algorithm evolution.

The objective function was to maximize the total annual profit, this involved the revenue
minus the cost. The costs considered are processing, purchasing, inventory, transportation,
operation and harvest. To visualize the opportunities of saving, a brief graph was formulated to
analyze the cost with high impact. The cost that most impacted the profit was the processing cost
followed by purchasing and production of biomass.
Cost‟s impact

Figure 7.4 Impact percentages of costs.

Two biorefinery complemented the conversion process of biomass to biofuel. These have
a production capacity monthly BCAPbm in each one of 120,000 dry tons/month. Therefore, the
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total production capacity annually for both biorefineries is 2,880,000 dry tons. It is considered
that both refineries are open all year, because otherwise the operating cost of closing them is
higher. For example fire the personnel, and then training again and other factors increase it.
Both bio refineries have the availability to process the three types of feedstock considered and
the amount processed by each one monthly are represented in the following histograms. The best
solution found in Biorefinery 1 has to process 846,049 dry tons in the year and 615,972 dry tons
in Biorefinery 2.

Figure 7.5. Amount of dry tons processed at each of the biorefineries on each
month.

Guided User Interface is a useful tool that allows users to interact with electronic devices
through graphical icons and visual indicators such as secondary notation. For this case scenario a
GUI was developed to allow the user to introduce the quantities minimum and maximum for
production and storage, fields available monthly, number of fields per type of feedstock, number
of feedstock , biorefineries and warehouse. The main GUI runs this interface. In the main GUI
the users set the Genetic Algorithm parameters and clicking on push button “RUN”, the program
shows the main results: profit, revenue, gallons and unit profit, a histogram graphic for monthly
production, and in the layout each facility has a pushbutton to show in the table below the dry
tons harvest, purchase, storage or processed.
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7.1.1

Sensitivity Analysis

As in literature is presented Genetic algorithm is a suitable approach for solved complex
problems in different fields and especially combinatorial problems. The Genetic algorithm
procedures require that the users state some parameters as initial population, number of
generations, elitism and mutation factor. The impact of these parameters has caused controversy.
Many research focused about how to find the optimal arrangement of these parameters, in order
to obtain the optimal or close to optimal solution. It is known that a strong relationship between
the parameters and the problem to solve exists. Therefore, to obtain the value expected, the
optimization of these parameters also has to be reached. Consequently, in this research a
sensitivity analysis combining with a design of experiments was executed to assess different
parameters‟ values and their impacts. The analysis was done following an experimental plan of a
2k full factorial design; hence, two levels (low and high) were given for each of the factors. The
parameters analyzed were: initial population size, number of generation, elitism (selection) and
mutation crossover, as mentioned before the state for the performer. Moreover, the total number
of parameters analyzed equals to the total number of factors considered in the full factorial
design which are four. Thereupon, a 24 full factorial design will be analyzed.
The high and low levels considered for each parameter were:

Table 7.1. High and Low levels chosen for GA’s parameters.
Factor A

Selection

High

Low

0.9

0.6

Factor B

Population

High

Low

125

25

104

Factor C

Generations

High

Low

100

20

Factor D

Mutation

High

Low

0.01

0.005

A total of 32 runs were completed, since the 24 factorial designs have 16 treatment
combinations and two replications were made. The experiment was conducted as a double
replicate factorial design in order to better block any noise, to avoid the risk of an unusual
response observations affecting the results, to be able to calculate the error and variation, and to
better see the interaction between the factors. In the design high and low levels are denoted as +1
and -1.
Table 7.2. Data collected from 32 runs performed according to the experimental plan.
A

B

C

D

Selection

Population

Generation

Mutation

Replicate 1

Replicate 2

1

1

1

1

0.9

125

100

0.01

25107397

25819401.1

1

1

-1

1

0.9

125

20

0.01

24838248

25903927

-1

1

-1

1

0.6

125

20

0.01

2.25E+07

2.55E+07

-1

1

1

1

0.6

125

100

0.01

2.54E+07

2.47E+07

1

1

1

-1

0.9

125

100

0.005

2.35E+07

2.25E+07

1

-1

-1

1

0.9

25

20

0.01

1.91E+07

1.91E+07

1

1

-1

-1

0.9

125

20

0.005

2.19E+07

2.31E+07

1

-1

-1

-1

0.9

25

20

0.005

1.13E+07

1.63E+07

-1

-1

-1

1

0.6

25

20

0.01

1.70E+07

1.79E+07

-1

1

1

-1

0.6

125

100

0.005

2.76E+07

2.42E+07

-1

-1

-1

-1

0.6

25

20

0.005

1.83E+07

2.08E+07

1

-1

1

-1

0.9

25

100

0.005

1.93E+07

1.93E+07

1

-1

1

1

0.9

25

100

0.01

2.12E+07

1.73E+07

-1

-1

1

-1

0.6

25

100

0.005

1.96E+07

2.00E+07

-1

1

-1

-1

0.6

125

20

0.005

2.57E+07

2.31E+07

-1

-1

1

1

0.6

25

100

0.01

2.06E+07

1.78E+07

From the analysis some observations can be made from the best setting of the parameters. From
the 32 samples the best solution found was a total annual profit of $27630505.33 when the
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parameters of population size and generation size are set to their highest level, and selection and
mutation to their lowest level. To sustain these conclusions, a design of experiments was made
with a 5% significance level. This analysis used Minitab software a statistic tool. The results are
showed in the follow table.

Table 7.3. Reduced model ANOVA table.
Source

DF

Seq SS

Adj SS

Adj MS

F

P

Main Effects

4

3.18E+14

3.18E+14

7.96E+13

31.08

0

A

1

7.23E+12

7.23E+12

7.23E+12

2.82

0.105

B

1

2.92E+14

2.92E+14

2.92E+14

113.84

0

C

1

1.42E+13

1.42E+13

1.42E+13

5.56

0.026

D

1

5.40E+12

5.40E+12

5.40E+12

2.11

0.159

2-Way Interactions

1

2.68E+13

2.68E+13

2.68E+13

10.47

0.003

A*D

1

2.68E+13

2.68E+13

2.68E+13

10.47

0.003

Residual Error

26

6.66E+13

6.66E+13

2.56E+12

Lack of Fit

10

2.28E+13

2.28E+13

2.28E+12

0.83

0.604

Pure Error

16

4.38E+13

4.38E+13

2.74E+12

Total

31

4.12E+14
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Half Normal Plot of the Standardized Effects
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Figure 7.6. Half normal plot for complete model (left) and for reduced model (right)

According to the half-normal plot only Factor B and Factor C are significant by their
own, whereas, the interaction between A and D is also significant. ANOVA table concluded the
same considering the criteria rejection: if P-value ≥ significance level, then Factor or interaction
is not significant, else factor and interaction are significant. Hence, factors are assigned with a pvalue less than 0. To validate the adequacy of the model it is required to analyze it to check if the
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assumption, normality and equal variances are satisfied. In order to validate our conclusions the
adequacy of the model needs to be analyzed to see if the assumptions are satisfied (Figure 7.7).
In the graphs can be observed that, both p-values are greater than the significance level which is
given at a 5%. Then following the criteria rejection, if p-value is ≥ SL, do not reject null
hypothesis. Both null hypotheses are defined as data is normally distributed and variances are
equal for all factors, respectively.

Test for Equal Variances for PROFIT
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Figure 7.7. Half normal plot for complete model (left) and for reduced model (right).

In conclusion, the results can be stated that the sensitivity analysis complemented with
the design of experiments helped on finding of the best setting for the parameters and validated
our conclusions, resulting population size and number of generations the parameters that most
affected the performance of the algorithm. As population size and total number of generations
increase, the profit notoriously increases. As mentioned before a strong relationship between the
GA’s parameters and the results exists. As the problem of the logistic system design is very
complex with many inputs and constraints, the higher number of solutions greater the research
space. In addition, the generations give more time to the algorithm to evolve.

7.2 Multiple Objective optimization
In the second case scenario several objectives in the objective function were considered
to be evaluating simultaneously. Sustainability has three main pillars which are the following:
economic, environmental and social. The focus of the research was to develop an algorithm that
can solve these three parts. For that reason in this second case scenario the environmental part
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was added to the economic part, already considered in the single objective case scenario. To start
the complement of the environmental sustainability, minimization of Global warming potential
was evaluated. Global Warming is the most important impact category to the environmental.

In

summary, the objectives of this case were maximized the total annual profit and minimized the
Global Warming Potential.
7-1

max R- ∑

∑

∑

∑

∑
7-2

Where:
Ghl= GWP of biomass type l (1,2,3) calculated over a period of 100 years of each
emission obtained during the harvesting process h
Gpl= GWP of biomass type l (1,2,3) calculated over a period of 100 years of each
emission obtained during the ethanol production process p
Gtk= GWP calculated over a period of 100 years of each emission obtained while
transporting Xlm by truck or train (k= 1 or 2)
Xlm= Tons of biomass l (1,2,3) processed per month m
Xrm=Tons of residue r generated per month m
d= Distance traveled in miles

The Multi Objective Evolutionary Algorithm proposed by Taboada and Coit ( ) was
programmed in MATLAB and the parameters taken were elitism .4, selection .6, initial
population of 125 and 100 generations. These parameters were selected according to the
sensitivity analysis and design of experiments made in Section 7.1.1. At the end of the generation
100th a total of 41 solutions were found, which fell in the category of nondominated solutions. It
can be observed that the profit of the nondominated solutions is attractive, the highest profit was
found in the 20th solution with a total profit of $25,584,582.7. Global Warming emissions results
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also have attractive solutions, the lower emissions were found in the 11th solution with
2,818,858,913 CO2 kg-equivalent. The solutions non-dominated are showed in the table, but the
users have to determine the choose solution. In other hand, methodologies had been developed to
help in this decision.
Table 7.4 Multiple objective’s solutions.
Solution Profit
Solution Profit
GWP
21
21314435
1
15402388 2879694654
22
23636099
2
20683128 3381415401
23
19615457
3
18665840 3124901196
24
21762066
4
19711133 3324525616
25
22807381
5
20839197 3389633712
26
23328380
6
19930503 3332378042
27
22037709
7
14472468 2858935552
28
21641763
8
19319279 3208977312
29
21073971
9
17669111 2983409112
30
24178033
10
17998267 3017687462
31
21416768
11
14281379 2818858913
32
20154227
12
19485332 3220026457
33
24643298
13
19088422 3232872482
34
19494950
14
21671411 3527041473
35
24031290
15
24264230 3780879837
36
21778427
16
23694816 3650763053
37 213823337
17
24662986 4117164584
38
24895907
18
25062129 4157933240
39
25498634
19
25498386 4202297735
40
23035104
20
25584583 4209290153 41
25295609

GWP
3470004817
3639800134
3267516893
3531652121
3569471044
3613383832
3564363313
3520233212
3437951097
3773887419
3516672141
3366456919
4099144000
3250178132
3772723587
3558431594
3500735631
412641945
4202306616
3589435510
4166146871

The Pareto front below shows graphically that the two main objectives of the
MOEA were reached. The solutions have good spread around the curve indicating
diversity between the individuals. In conclusion, the MOEA obtained the wish objectives
in the biomass-to-biorefinery logistic problem.
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Figure 7.8 Pareto front solutions.

1.3. Multiple Objectives results with the Modified MOEA.
The modified MOEA was applied to the biomass-to-biofuel logistic problem considering
four objectives, in order to aggregate more impact categories into the environmental part. The
three impact categories are global warming potential, acidification and eutrophication impacts.
This result in a problem with four objectives which were the following: maximizing total annual
profit and minimizing global warming, acidification and eutrophication impacts. The
mathematical model formulated to it, were:
Maximization the Total Annual profit
max R- ∑
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7-1

Minimization the Global Warming Potential
∑

∑

∑

∑
7-2

Where:
Ghl= GWP of biomass type l (1,2,3) calculated over a period of 100 years of each
emission obtained during the harvesting process h
Gpl= GWP of biomass type l (1,2,3) calculated over a period of 100 years of each
emission obtained during the ethanol production process p
Gtk= GWP calculated over a period of 100 years of each emission obtained while
transporting Xlm by truck or train (k= 1 or 2)
Xlm= Tons of biomass l (1,2,3) processed per month m
Xrm=Tons of residue r generated per month m
d= Distance traveled in miles
Minimization of Acidification Potential (measured in kg of SO2 equivalents)
∑

∑

∑

∑

6-18

Where:
= AP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the harvesting process
= AP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the ethanol production process
= AP calculated over a period of 100 years of each emission obtained while
transporting

by truck or train (k= 1 or 2)

Tons of biomass (1,2,3) processed per month m
Tons of residue r generated per month m
d= Distance traveled in miles
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Minimization of Eutrophication Potential (measured in kg of phosphate equivalents)

∑

∑

∑

∑

6-19

Where:
= EP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the harvesting process
= EP of biomass type (1,2,3) calculated over a period of 100 years of each emission
obtained during the ethanol production process
= EP calculated over a period of 100 years of each emission obtained while
transporting

by truck or train (k= 1 or 2)

Tons of biomass (1,2,3) processed per month m
Tons of residue r generated per month m
d= Distance traveled in miles

The parameters implemented by the Modified MOEA were the same obtained in the
sensitivity analysis, which are this: elitism .4, selection .6, initial population 125, generations 100
and mutation .005. The multiple objective optimization is complex because objectives are in
conflict and the type of problem solving in this research it is not the exception. These objectives
were in conflict because of the strong relationship between the environmental impacts, which
made more complex to obtain diversity between solutions. This was the main reason to develop
the Modified MOEA. The environmental impacts, Global Warming Potential, Acidification and
Eutrophication when are compared to each other behave similar in contrast to when being
compared to profit. At the end of the run, 80 solutions were found (table 7.5). The contrasting
between each objective is illustrated in figure 7-9. In figures 7-10 and 7-11 the correlation
among objectives is illustrated, clearly showing that the three environmental objectives in
comparison to profit have not correlation at all. This represented the conflict between the
objectives. On the other hand, figure 7-12 and 7-13 displays that when comparing environmental
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objectives among each other a positive correlation can be found. This indicated that the higher
levels of one objective are associated with higher levels of the other. Studies had already been
made supporting a relationship between acidification and eutrophication stating that
eutrophication can enhance the acidification of coastal areas. For instance, Cai et al. (2011) used
model simulations to assess the combined impact of eutrophication and ocean acidification in the
northern Gulf of Mexico. Results suggested that eutrophication is associated with the
development of hypoxia and acidification of subsurface. Other studies such as Borges et al.
(2010) and Feely et al. (2010) have shown similar trends with eutrophic conditions contributing
to pH declines in coastal areas. Similarly, Global Warming positively correlates to acidification
by the rise of atmospheric CO2, which have shown to be moderated by the oceans. However this
increase uptake of atmospheric CO2 by the oceans has resulted in changes in seawater chemistry
leading to ocean acidification (Ramesh et al, 2014). In addition, Omstedt et al, 2014, conducted
studies in the Baltic Sea suggesting that marine acidification is influenced by increasing
atmospheric CO2, eutrophication, changes in alkalinity from rivers, changes in redox state and
indirectly climate change. Hence, these studies validate the patterns shown in the graphs below
representing a positive correlation among the environmental objectives.
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Figure 7.9 Pareto optimal solutions contrasting between objectives.

Figure 7-10. Global warming, profit and Acidification objectives.
objectives.

Figure 7-11. Acidification, GWP and Eutrophication
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Figure 7-12.. Acidification, Profit and Eutrophication objectives.

Figure7.13 GWP , Profit and Acidification objectives.

Table 7.5 Modified MOEA solutions
Solutions

Profit

1

986829

2

GWP
4411806815

Acidification Eutrophication
6191301,04

5146611,792

1608026

4389349887 6150585,185

5149068,56

3

7454863

5140323695 7448446,889

6090452,004

4

786428,9

5054678516

7150735,86

5922864,557

5

6650496

4816552730 6746228,633

5669257,085

6

1384228

4511992691 6358812,165

5295247,725

7

6719437

4952195809 6825879,608

5817811,347

8

1028741

4675389617 6819234,041

5545432,812

9

1012886

4472792994 6132560,582

5222226,127

10

1090890

4900283826 6894977,414

5739012,98

11

4389250

4515104847 6465323,475

5310154,833

12

5031647

5240018594 7387982,319

6159860,641

13

4990929

4621255512 6413639,144

5404614,85

14

7152948

4244157837 5794204,884

4953039,067

15

2569160

5390607439

7886363,88

6361366,144

16

11842420

5440742004 7621205,393

6390712,304

17

7269920

4314843972 6364965,273

5122505,456

18

3790895

4817591357 6732272,233

5643159,525

19

6616762

5265257075 7424863,943

6181119,439

20

5643313

3986973887 5547853,532

4654444,433

21

1826382

4657021262 6471456,156

5450977,062

22

1191119

5347030574 7542830,562

6293984,927

23

4232039

4888129803 6988180,822

5762007,841

24

5150360

4188842712
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5872783,89

4883551,19

25

8925064

4619876598 6473374,901

5416244,469

26

10581645

4175858653

5774351,88

4890251,171

27

6684993

4534458259

6331215,03

5295788,591

28

1367454

4628656572 6498671,305

5416133,986

29

379005,6

4610995151 6508836,887

5397599,663

30

5609762

4185916741 5926524,937

4910963,069

31

4126275

4693321661

6633232,71

5483456,195

32

2032391

4798865220 7136847,485

5713389,792

33

3001185

5060078703 7205397,586

5956240,247

34

2813098

4769159677

6709769,65

5577530,68

35

3317573

4830847372 6827553,881

5663241,409

36

859425,8

5211442015 7484440,527

6137959,794

37

733177,4

4827304753

6757342,88

5649529,072

38

6734943

4922899928 6856594,596

5770220,4

39

5525360

4940398125 7225969,684

5849666,248

40

5308517

5113626614 7223989,287

5998024,715

41

1445039

4776091862 6959361,076

5654788,785

42

3687271

4738010025 6666186,561

5548909,909

43

2985896

5037322839 7058138,846

5902199,34

44

7143752

4391017656 6075056,249

5130968,547

45

406538,5

4887644715 6833130,388

5725132,871

46

3878786

4298956613

6138482,27

5033634,461

47

7750634

4732160090

6652012,59

5556747,591

48

7816078

4792298545 6794986,787

5624312,375

49

5677519

4797728403 6826060,212

5647634,171

50

4958832

4993418621 7042040,752

5860559,254

51

12645228

4779067626

6751135,02

5599144,271

52

1359292

5424088617 7816539,606

6400295,639

53

4251159

4960104433

6883017,35

5813355,596

54

3415458

4885026830 6886606,281

5742238,245

55

114930,8

4893387469 7045240,969

5765366,883

56

3807584

4623790059 6548438,166

5430926,459

57

4005439

4806830564 6928756,499

5678232,866

58

2514747

4976261362 7099024,579

5860614,661

59

3508590

4723250714 6653818,136

5533730,681

60

1537957

4620533210 6707822,877

5447145,49

61

684456,8

5173043637 7346798,255

6097762,432

62

4150305

4473205849 6237740,302

5226664,481

63

2914978

4935155690 6964097,125

5803960,291

64

1087740

5461565753 7778147,152

6416735,485

65

1701198

5004238786 7238749,637

5904807,9
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66

2840555

5002313057 7071751,865

5877813,132

67

12040837

4767863307 6698361,198

5598249,016

68

1668860

5153897812 7315055,472

6042107,176

69

1849908

4438490885 6234646,689

5184339,602

70

4351976

5240294553 7361103,342

6143481,736

71

7559825

4712810422 6738018,701

5541837,051

72

4372960

4958579927 6966666,252

5808682,376

73

169150,2

4704153686 6557965,051

5505956,885

74

5651429

4999934659 7046409,427

5884874,695

75

1134349

4677776341

6710597,78

5490184,201

76

6280000

4287141634 6000511,694

5007175,329

77

221285,8

4675918794 6662021,035

5502836,526

78

3004737

4655461098 6506714,924

5452631,594

79

5680446

4384954736 6146540,794

5124713,479

80

9043109

4686072510 6736312,462

5542726,056
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Chapter 8. Conclusion and Ongoing Research Opportunities
8.1Conclusions
The Generic algorithm, the Multiple Objective Evolutionary Algorithm (MOEA) and the
Modified Multiple Objective Evolutionary Algorithm (Modified MOEA) are an approach to
solve the multiple feedstock biomass-to-biorefinery logistic problem. The problem was solved
in three case scenarios, starting with a single objective (maximization of the total annual profit).
Then a multiple objective optimization considering minimization of the Global Warming
potential (GWP) and maximization of the total annual profit was solved simultaneously. As the
environmental impacts significant to this problem are three GWP, acidification and
eutrophication potential, an algorithm named Modified MOEA was developed due to lack of
diversity, because of the strong correlation between them.

In the single objective scenario, the Generic Algorithm for a logistics system design
problem was proposed as an approach to solve a multi-biomass feedstock problem. The analysis
presents an overall profit and per unit profit similar to another studies conducted using the
approach of a mixed integer linear programming. The algorithm developed provides a fast
solution, and presents improvements over the evolution of the such. It provides a comparable
solution when only the profit is to be maximized, but this paper represents an improvement to the
available literature when another additional objective functions are proposed. The proposed
system, and model, leaves an opportunity for future research that can potentially make
improvements to the problem. Additionally, the study could be extended to more realistic case
scenarios. Furthermore, this problem could be solved making use of the variety of heuristic
algorithms, and an analysis comparing different algorithms could be implemented.
For the second case scenario was consider two objectives maximization of the total
annual profit and minimization of global warming potential. The Multiple Objective
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Evolutionary Algorithm for a logistics system design problem was proposed as an approach to
solve a multi-biomass feedstock problem. The algorithm developed provides a fast solution, and
presents improvements over the evolution of the such.

The developed Modified MOEA algorithm also considers two more impact categories
acidification and eutrophication, which turn the problem in four objective functions to be
optimized which are the minimization of the total global warming potential, minimization of
acidification potential and the minimization of eutrophication potential and maximization of total
annual profit. It considering the best transportation route that minimizes total greenhouse gas
emissions measured in carbon dioxide equivalents (CO2equivalents), sulfur dioxide equivalents
(SO2 equity) and phosphate equivalents (PO4 equivalents). The algorithm developed provides a
comparable solution when only the profit is to be maximized, but this paper represents an
improvement to the available literature when the three additional objective functions are
proposed. The presented system, and model leave an opportunity for future research
improvements. A possible expansion of the problem could entail the addition of a social
objective function to develop a more comprehensive study of sustainability of biofuel logistics.
Additionally, the study could be extended to more realistic case scenarios. Furthermore, this
problem could be solved making use of the variety of heuristic algorithms, and an analysis
comparing different algorithms could be implemented.

Even though, Genetic Algorithms provided similar solutions to some other problems such
as the one analyzed in this paper, other metaheuristic methods could be employed. For instance,
Ant Colony Optimization (ACO), Particle Swarm Optimization (PSO) and Bee Colony
Optimization (BCO) could provide a better fit and deliver even better results.
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8.2Ongoing research opportunities
8.2.1 Social assessment methodology
8.2.1.1Social assessment methodologies
Social sustainability has two main goals: evaluation and/or comparison of a product,
process or company (Schmidt et al. 2004, Spillemaeckers et al. 2004, Methot 2005), and
identification of product or process improvement potentials (Flysjo 2006, Gauthier 2005, Dreyer
et al. 2006, Manhart & Griebhammer 2006). The boundaries of the study, well-known as the
system boundaries, are one of the first steps in the assessment process; it determines extension of
the study from raw material subtraction to disposal or only the manufacturing process. The
approaches presented by Method and Dreyer focus in those parts that can influence directly on
the company and its closet suppliers and distributors, with the goal to support management
decisions. In the other hand, the approach presented by Schmidt concentrated on product
comparison, and to reach it all parts of the chain necessary are assessed. Use stage‟s impacts are
difficult to determine because of variability of the product (Dreyer et al. 2006, Griebhamer et al.
2006).

The majority of the methodologies proposed can be divided into two approaches to
define the assessment parameters: the top-down and bottom-up. Top-down approach is
characterized by its assessment parameters defined by what is valuable to society, it selects
indicators that represent the societal values. In other hand, bottom-up approach‟s assessment
parameters are determined based on social issues according to the business. Some authors
combined bottom-up and top-down approaches, with the objective of obtain a relationship
between the damage and company‟s activities (Dreyer et al. 2006, Kruse et al, 2009).

Dreyer

suggested a two-layer LCA method, this means that impact categories are obligatory and
optional. The obligatory impact categories are minimum expectations into law and optional
impact categories are self-determined by the business to improve social performance (Dreyer et
al. 2006). Kruse divided the indicators into two type: additive and descriptive indicators. The
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objective of implement additive indicators is that those can be added through the chain and are
quantitatively, which facilities the assessment. Descriptive indicators can be quantitatively or
qualitatively, which can difficulty the evaluation (Kruse et al. 2009).

Social indicators‟ assessment is the hard part of the social sustainability performance‟s
evaluation

because

of

the

data

collection.

Indicators

can

be

quantitatives

or

qualitatives/descriptives. Quantitatives are based on measurements in physical units, semiquantitative scores, or yes/no scores. Indicators‟ determination depends on the impact pathway
location: midpoints and endpoints. The endpoints are the objectives to reach and midpoints are
the ways to reach them. For example, if worker‟s health condition is the objective (endpoint),
worker‟s salary is one midpoint to accomplish it, because an increase in worker‟s salary will be
impact directly to the health quality acquired. The impact categories study in the S-LCA
methodologies are: human rights, labour practices and decent work conditions, society and
product responsibility (Jorgensen et al. 2008).

Some authors‟ methodologies evaluated

quantitative and descriptive indicators (Schmidt et al. 2004 & Flysjo 2006). Also, indicators can
be classified as indirect and direct. Direct indicators are those evaluating the stakeholders‟
perception of the company‟s social performance assess. Indirect indicators are evaluated by the
company managers measures to avoid the violation to any working right and in some case
additional measures are determined by companies to improve social performance (workers
satisfaction).

The data collection is the most important step in the social assessment, because the
accuracy of the information obtained. In the part of inventory analysis, methodologies take
generic data or site specific data. A problem with the data collection is the measure of the
indicator; the phenomena directly, or indirectly or by proxy. To avoid this problem authors had
proposed different data collection techniques. For example, Dreyer et al. (2006) take the
managerial measures for work environmental instance of take into count the number of working
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incidents . Because it is based on the incident reports, and if the company has a deficient report
system the data recollect is not accurate. The managerial measures represent evaluation of the
management effort, it measures the will and ability of the company to avoid negative impacts.
Spillemaecker assess both report incidents and the quality of the management system
(Spillmaecker et al. 2004). Weidema suggests a reverse compilation from available data
resources (Weidema, 2006). Using generic data is irrelevant or difficult to implement, as result
some researchers (Dreyer et al. 2006 Spillemaeckers et al. 2004) see the address of a company as
a local phenomenon, but to take it from the supply chain is very demanding task. Several
approaches have been taken to delimit the on-site data collection. Weidema, Schmidt, Manhart
and GrieBhammer also confirm that data obtained site specific is more accurate, but generic
data can give a rough estimate of several social impact of which is not possible to obtain
information (Weidema, 2006, Schmidt et al. 2004, Manhart & Griebhammer, 2006). The
proposed methodology aims to obtain site-specific data to evaluate through surveys, interviews,
and direct and indirect observation.

Characterization phase is the aggregation of the impact category‟s inventory results, the
inventory indicators results are aggregated in the corresponding subcategories and then the
subcategories are aggregated in the impact categories. As already mentioned the information
recollect as quantitative or/and descriptive has to be converted to metric data, and several
approaches to assess it are presented.

Weidemma used endpoint indicators, all impacts

calculated are reduction in the average well-being (Quality Adjusted Life Years (QALYs))
(Weidema, 2006). As the indicators contained severity, impact factor and an average duration,
these are multiplied, added and finally expressed in years. Dreyer proposed a multi criteria model
for evaluation of indirect indicators that assesses social management measures, but this only
evaluates the labour rights social impact in a semi-quantitative assessment. This model consists
on evaluate effort of the company to avoid labour rights violation assessing three predefined
assessment criterias (Dreyer et al. 2010). Most recent methodology presented, asses direct
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indicators considering three social categories: human rights, working conditions, social impacts
(9 sub-categories and 26 indicators). The characterization technique implemented was to
transform qualitative information into numerical values. The stakeholders were interviewed
(recyclers, municipality, NGO), with a check list of 56 open and closed questions (Aparcana &
Salhofer, 2013).

Hunkeler‟s approach proposed to transform the production hours towards the ability to
acquire social needs. The methodology follow four main steps: take an LCA and determine the
employment hours for each impact categories, separate them in processing units, separate of the
hours employed in each country, and aggregate the total hours of employed in each country
(Hunkeler, 2006).
8.2.1.2 Social assessment methodology proposed
Sustainable assessment has to consider the three main pillars of sustainability, which are
the following: economic, environmental and social. In the analysis only economic and
environmental aspects were assess, but the social aspect is missing of assessment and integration
of these three. After, an extensive literature review introduced in section 8.2.1.1., a social
assessment methodology was developed. The proposed methodology considers the number of
employments directly create by the operation of the harvesting, storage, processing, and
transportation.

A more extensive explanation of the social assessment methodology is presented in the
following flow chart and steps explanation.

1. Determine activities and workers required. To obtain an accurate assessment of the
jobs created by the solution, all the activities involved in the system boundaries has to
be integrated. The harvest and operational activities hired their employees by unit,
and this has specific capacity.
123

Table 8.1. Employees per activity

2. Set the maximum number of workers to hire. According to the quantity harvest,
purchased, storage or processed the number of units required is calculated, rounded to
an upper integer (Equation 8.1). In case of the harvesting units, each month are
computed the units necessary for all the fields of one type of feedstock, as they are
share. The maximum number of units is going to be the number of units hired. Then
the total number of employees required for that operation are obtained multiplying
units needed by employees by unit (Equation 8.2). Taking An example was taken and
as show the units required to harvest biomass are calculated individualy by feedstock.
For the storage and processing, all feedstocks are added and units are calculated based
on it.
8.1
U= harvest units
Number of dry tons= dry tons to be processed,
purchased, storage or harvested.
Uc= capacity per unit

8.2

Employees= total number of employees
U= harvest units
Eu=employees by unit
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Table 8.2 Switchgrass‟ Harvest

Table 8.3 Corn Stover‟s Harvest
Month
1
2
3
4
5
6
7
8
9
10
11
12

cornstalk
[]
[]
[54253,55972]
[45683,10585]
[1,58694]
[0,30293]
[]
[]
[]
[]
[]
[]

total

Table 8.4 Wheat straw‟s Harvest
units

0
0
0
0
110225 7,348333
56268
3,7512
58695
3,913
30293 2,019533
0
0
0
0
0
0
0
0
0
0
0
0
8

Month
1
2
3
4
5
6
7
8
9
10
11
12

wheat straw
[]
[]
[1202,1946]
[2928,39005]
[45711,69]
[43860,6859]
[]
[]
[]
[]
[]
[]

Table 8.5 Total employees hired to harvest

Harvest of

Employees

Switchgrass

160

Corn stover

96

Wheat
straw

30
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total

units
0
0
0
0
3148 0,187381
41933 2,496012
45780
2,725
50719 3,018988
0
0
0
0
0
0
0
0
0
0
0
0
3

Table 8.6 Total units required for warehouse‟s operations.

Table 8.7 Total units required for biorefinery‟s operations.
Month
1
2
3
4
5
6
7
8
9
10
11
12

Amount Processing
1
2
39719
34053
56390
65747
55455
57918
59196
39005
45712
58763
30293
57578
49032
55588
10136
54925
38695
55339
31872
55501
47601
38987
47358
50190

Units
1
2
3
3
3
3
2
3
1
2
2
3
3
3

2
2
4
3
2
3
3
3
3
3
3
2
3
4

3. Addition of all processed. To obtain the total jobs created in the annual based of the
analysis, the total activity employees of each stage are added.
Table 8.8 Employees by activity.
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4. Incorporation into multi-objective evaluation. The resulting value is the jobs create
and the additional objective is the maximization of the number of employments
created. The new objective function try to attain five objectives, which are
maximization of the total annual profit, minimization of the global warming,
acidification and eutrophication potentials and maximization of employees.

Max ∑

8.3

Figure 8.1 Solution‟s chromosome with objectives values.

5. Solve with the multiple objective optimization methodology chosen.

8.2.2 Stochastic approach
8.2.2.1 Uncertainties in biofuel supply chain
In the research presented, only deterministic factors were considered, but the
consideration of stochastic factors made the solutions more accurate. Uncertainties have to be
considered in the biomass-to-biofuel logistic modeling, in order to avoid the impacts that these
created in the performance of supply chains. The main uncertainties can be divided in five
categories according to Awudu & Zhang (2012). These are: a) raw material supply uncertainties,
b) transportation and logistics uncertainties, c) production and operation uncertainties, d) demand
and price uncertainties, and e) other uncertainties.
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Table 8.9 Uncertainties.

Supply uncertainties are, as presented by Elms & El-Halawagi, raw material yield, type
and quality. The focus of this research was to find the feedstocks‟ scheduling and operation.
They employed a holistic approach and a combination of process simulation, synthesis and
integration techniques, considering the changing prices, supply and demand of feedstocks. These
uncertainties are due to quantity and quality of the biomass yield to harvest, lead-time in
transportation, and congestion (Yano, C. & Lee, H., 1995). The methods used in the literature to
deal with financial and operational problems resulting from these uncertainties are use of
multiple suppliers and safety stock.

Transportation and logistics are vital for the biomass supply chain and when uncertainties
occurred, affect substantially biofuel production. These uncertainties are the inability to deliver
biomass and/or finished products economically and in time. From these are derivate delays in
fleet scheduling, demand and inventory, transportation cost, lack of coordination, delivery
constraints, lack of optimized containers due to low yield supply, cost of warehouse and
transportation lanes availability (Smith et al., 2009 and Eksioglu et al. 2009). Other uncertainties
are in operations, which cause not meets the demand. Some of these are: delays in raw materials
acquisition, production yields inventory decisions, lead-time constraints and machine breakdown
(Cruz et al., 2009 & Ochoa et al. 2010). As result demand also has varies with time as price
presented chance and speculation, which results in a uncertainties as: crude oil price, carbon
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trading and raw material cost (Meyer 2007, Mmarkandya & Pemberton, 2010, Ravindranath etal
2009, Cadre & Orset ,2010). Finally, other uncertainties considerend in post research are:tax,
governmental policies, and regulatory policies (Hammond, 2008, Mortimer & Elsayed, 2006 &
Rosakis & Sourie 2005).
8.2.2.2 Models for uncertainties
Uncertainties have to be consider into the decision making process because their affects
in the outcome expected. In the literature by several authors, methodologies are presented to
address these uncertainties. The most common methods can be divided into analytic, simulation,
discrete event simulation and Monte Carlo simulation methods.

In the area of analytical methods can be mentioned Stochastic Mixed Integer Linear
Programs (SMILP), Integer Stochastic Programming (ISP), Stochastic Mixed Iinteger NonLinear programs (SMINLP), Markov Decision Process (MDP) and Linear Programs (LP) with
Scenario Generation(SG). Smilp is based on the sample average approximation and integrated
with the accelerated Benders decomposition, mainly applicable to large number of scenarios.
(Dal-Mas, 2010). In ISP based on a two-stage stochastic capacity planning model applying
Benders decomposition method. It start with an analysis of the wait and models, and then
incorporated into the stochastic representation (Kim et al. 2011). SMINLP algorithms are based
on branch and fix , which introduced coordinating the selection of the branching nodes and the
scenario subproblems to be jointly optimized (Sodhi & Tang, 2009) A multi-period stochastic
planning model use finite scenario generation which gives standard deviations (Lababidi). In
simulation
Three different types had been used Monte Carlo, Scenario Generation and Queuing
Systems. One example of the implementation of discrete event simulation was one based
optimization framework respect to project portfolio selection and project task scheduling (Jung et
al. 2004). Another was based on analytic queuing networks, with nonlinear optimization, to
design supply chain topologies and evaluate performance measures (Kerbache & Smith, 2004).
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Finally, one project using a queuing network dynamic simulation to study the short product life
cycle (Higuchia & Troutt, 2004). In Monte Carlo simulation with a Markov Decision Process
using a decomposition approach for the scability in order to improve a cost effective supply
chain management (Hung et al. 2004). In addition to solve a bi-criteria model a hybridization of
particle swarm and simulation for multiple objective problem based on mean and standard
deviation (Jung et al. 2004 & Mahnam et al. 2009). Another research project applied scenario
generation based on fuzzy demand and unreliable supply (Miranda & Garrido, 2004).

8.2.2.3 Value at risk
It emerged in the early 80s when major financial firms in developed countries used the
VaR as a measure of risk of their portfolios. In the middles 90s I was interested as a regulator of
market risk measurement of assets or portfolios. VaR can be described as one of 100 chance of
having a major loss to US $ 1 million when the market is in normal conditions.

Some of us who do attractable characteristics are the simplicity of the concept and its
intuitive interpretation as this is the measure of the maximum possible loss for a horizon of time
and a certain level of significance, under circumstances considered normal in the market. VaR
summarizes in a single measure the overall risk of a portfolio, facilitating decision-making. It
other words it is the worst possible scenario for an asset or portfolio given a normal market, a
certain time horizon and given confidence level.
The parameters used to calculate VaR are:


Time horizon (N)



Confidence level (1-α)%



Probability (p)
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Figure 8.2 Normal distribution.

The time horizon is chosen depending on the use to which it will give this measure.
Higher activity and the amount of assets, the lower your horizon. Likewise, the selection of
confidence level also depends on the use to which it will give VaR. For example, if what you
want is to meet the requirements of a regulator, normally the confidence level is high (99%). on
the other hand, if what you want is to use the var to control risk management and its exposure to
this, tipicamante a confidence level of 95% (Benninga, 2000) is used. Confidence levels, more
employees account for 95%, 99% and 99.9%.

To calculate the risk value is considered the cutoff value minus the value of the portfolio
according to the formula above.
Vo=Portafolio value
Vc=Value of cut

VAR= V0-Vc

8.4

VAR depends not only on the factors mentioned above but also from the
distribution following by the possible values of the portfolio. VaR is calculated according to the
number of actives (one active more actives). In addition, it is divided in two types: when the
distribution followed by the data it is suppose (parametric methods) and when it is based on
history data (nonparametric methods).
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8.2.2.4 Stochastic methodology proposed
The proposed evaluation method follow a nonparametric methodology based on the data
recollect from four years. This method does not supposed a distribution, it lead data to define the
distribution to be follow for the variation in biofuel prices. The steps follow to obtain the value
of risk are:

Step 1. Obtain the data. A series of 103 biofuel prices‟ fluctuations was obtained. First,
the price was obtained (Table 8.10) and then fluctuation were calculated (Table 8.11). In
addition, set the actual value of biofuel by gallon. V0=$1.8
Table 8.10 Biofuel‟s prices

Table 8.11 Fluctuations

Step 2. Determine the Ratio of fluctuation.
Divide in each month the fluctuation of the price over biofuel‟s price at that time.
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Table 8.12 Ratio of fluctuation.
Month/yr.

No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
95
96
97
98
99
100
101
102
103

Biodiesel

Fluctuation

$/Gal
Apr 07

3.09

May 07

3.16

Jun 07

3.17

Jul 07

3.20

Aug 07

3.22

Sep 07

3.29

Oct 07

3.44

Nov 07

3.74

Dec 07

3.93

Jan 08

4.28

Feb 08

4.72

Mar 08

5.17

Apr 08

4.98

May 08

5.23

Jun 08

5.51

Jul 08

5.50

Aug 08

4.88

Sep 08

4.44

Oct 08

3.65

Nov 08

3.21

Dec 08

2.85

Jan 09

3.09

Feb 15

2.88

Mar 15

2.90

Apr 15

2.89

May 15

3.08

June 15

3.18

July 15

2.96

Aug-15

2.55

Sep-15

2.60

Oct-15

2.64

Ratio of
Fluctuation

0.06666667
0.008
0.032
0.022
0.0705
0.15
0.3015
0.181
0.355
0.444
0.4485
-0.19
0.2455
0.2845
-0.015
-0.6175
-0.445
-0.787
-0.443
-0.36
0.245
0.05
0.02
-0.01
0.19
0.1
-0.22
-0.41
0.05
0.04

0.02109705
0.00252525
0.01
0.00682806
0.0214123
0.04357298
0.08052885
0.04611465
0.08294393
0.09398815
0.08670855
-0.03813347
0.04695868
0.05160998
-0.00272851
-0.12653689
-0.10033822
-0.21573465
-0.13822153
-0.12653779
0.07928803
0.01736111
0.00689655
-0.00346021
0.06168831
0.03144654
-0.07432432
-0.16078431
0.01923077
0.01515152

Step 3. Calculate the portfolio value in the different scenarios. The value that the biofuel
price can have in the different scenarios are calculated according to the equation. This provides
an empirical distribution of possible values that can be taken in the coming period. From this
distribution, we can detect the value of cut Vc such that this exceeds the scenarios.

8.5
Vo=Portafolio value
Rn=Throwput
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Figure 8.3 Scenarios‟ distribution.
Table 8.13 Portafolio‟s values.

Step 4. Rank for lower to highest possible biofuel’ prices. The value of cut from the
scenarios has to be ordered from lower to higher, to visualize the distribution follow.
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Table 8.14 Rank scenarios.

Step 5. Obtain the value of cut (Vc). In order to have the value of cut, first the position
of the scenario has to be computed according to equation 8.6. Then take the next position order
Position= n*α= 102*.01=1.02 ≈1

n= number of scenarios
α=probability

Step 6. Obtain the value at risk. (VaR)
VaR= V0-Vc =1.8-1.511=0.289

In this methodology only biofuel‟s price were consider but it is not restrict to it.
Uncertainties are extended and others than can be considered for this problem are:
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8.6

Costs


Transportation: train and truck



Feedstock purchasing



Processing of biomass



Operational cost



Feedstock‟s harvest



Production and storage capacity

Yields
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